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Silver Hazards to Fish, Wildlife, 
and Invertebrates: 
A Synoptic Review 


by 
Ronald Eisler 


U.S. Department of the Interior 
National Biological Service 
Patuxent Wildlife Research Center 
Laurel, Maryland 20708 


Abstract. Ecological and toxicological aspects of silver (Ag) and silver salts in the 
environment are briefly summarized with an emphasis on natural resources. Subtopics 


include sources and uses, chemistry and metabolism, concentrations in field collections, 
lethal and sublethal effects, and recommendations for the protection cf natural resources. 
Elevated silver concentrations in biota occur in the vicinities of sewage outfalls, 
electroplating plants, mine waste sites, and silver-iodide seeded areas; in the United 
States, the photography industry is the major source of anthropogenic silver discharges 
into the biosphere. Maximum concentrations recorded in field collections, in 

total silver/kilogram dry weight (tissue), were 1.5 in mammals (liver), 6 in fish (bone), 14 
in plants (whole), 30 in annelid worms (whole), 44 in birds (liver), 110 in mushrooms 
(whole), 185 in bivalve mollusks (soft parts), and 320 in gastropods (whole); humans 
afflicted with silver poisoning (argyria) contained 72 mg total Ag/kg dry weight skin and 
1,300 mg total Ag/kg fresh weight whole body. Silver and its compounds are not known 
to be mutagenic, teratogenic, or carcinogenic. Under normal routes of exposure, silver 
does not pose serious environmental health problems to humans at less than 50 pg total 
Ag/L drinking water or 10 yg total Ag/m*® air. Free silver ion, however, was lethal to 
representative species of sensitive aquatic plants, invertebrates, and teleosts at nominal 
water concentrations of 1.2 to 4.9 g/L; at sublethal concentrations, adverse effects were 
significant between 0.17 and 0.6 g/L. No data were found on effects of silver on avian 
or mammalian wildlife; all studied effects were on poultry, small laboratory animals, and 
livestock. Silver was harmful to poultry at concentrations as low as 1.8 mg total Ag/kg 
whole egg fresh weight by way of injection, 100 mg total Ag/L in drinking water, or 200 
mg total Ag/kg in diets; sensitive mammals were adversely affected at total silver 
concentrations as low as 250 g/L in drinking water, 6 mg/kg in diets, or 13.9 mg/kg whole 
body. Proposed criteria for the protection of living organisms from silver are listed and 
discussed. 


Key words: Silver, plants, fish, wildlife, invertebrates, mammals, ecotoxicology. 





Silver (Ag) found in the body of mammals (in- aquatic ecosystems because of the severity of silver 
cluding humans) has no known biological purpose contamination in the water column, sediments, 
and is suspected of being a contaminant (Smith and biota. San Francisco Bay, for example, is 
and Carson 1977). Silver, ae ionic Ag*, isoneofthe impacted from discharges of silver in wastewater 
most toxic metals known to aquatic organisms in outfalls and from the diagenic remobilization of 
laboratory testing, although large industrial losses silver from contaminated sediments in the estuary 
to the aquatic environment are probably infre- (Luoma and Phillips 1988; Rivera-Duarte and 
quent because of its economic value as a recover- Flegal 1993). 
able resource (National Association of Photo- The principal industria] use of silver is as silver 
graphic Manufacturers [NAPM] 1974; Nebeker et halide in the manufacture of photographic imaging 
al. 1983). Silver, however, is of concern in various materials; other products include jewelry, coins, 
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indelibleinks, and eating utensils (Klaassen et al. 
1986). In medicine, silver salts are used as caus- 
tics, germicides, antiseptics, and astringeuts; the 
use of silver nitrate for prophylaxis of ophthalmia 
neonatorum in the eyes of newborn infants is a 
legal requ rement in some states (Klaassen et al. 
1986). Long-term industrial or medical exposure 
to silver and its compounds may increase blood 
concentrations of silver to levels which can have 
toxic effects, such as induction of sarcomas, ane- 
mia, and enlargement of the heart (Aoki et al. 
1993). Repeated occupational handling of silver 
objects, especially after repeated minor injuries, 
may result in localized argyria—a bluish-gray dis- 
coloration of the skin at the exposed site (Fowler 
and Nordberg 1986). In humans, the most com- 
mon noticeable effects of chronic exposure to silver 
and its compounds are generalized argyria, local- 
ized argyria, and argyrosis (argyria of the eye, 
usually; Smith and Carson 1977). Generalized ar- 
gyria consists of a slate-gray pigmentation of the 
skin and hair caused by deposition of silver in the 
tissues, a silver coloration of the hair and finger- 
nails, and a blue *.alo around the cornea and in the 
conjunctiva. Acute toxic effects in humans have 
resulted only from accidental or suicidal overdoses 
of medical forms of silver (Smith and Carson 1977). 

Ecological and toxicological aspects of silver are 
reviewed by Smith and Carson (1977), the U.S. 
Environmental Protection Agency [EPA] (1980, 
1987), Lockhart (1983), the U.S. Public Health 
Service [PHS] (1990), Andren et al. (1993, 1994), 
and Andren and Bober (1995). The present report 
is another in a series on hazards of selected con- 
taminants to plants and animals, with an empha- 
sis on fishery and wildlife resources. It was 
prepared in response to requests for information 
on silver from environmental specialists of the U.S. 
Fish and Wildlife Service. 


Sources and Uses 


General 


About 2.47 million kg of silver are lost each year 
to the domestic biosphere, mostly (82%) as a result 
of human activities. As discussed later, the photog- 
raphy industry accounts for about 47% of all silver 
discharged into the environment from anthropo- 
genic sources. In 1990, about 50% of the refined 
silver consumed domestically was used to manu- 
facture photographic products; 25% in electrical 
and electronic products; 10% in electroplated ware, 


sterlingware, and jewelry; 5° in brazing alloys; 
and 10% in other products and processes. 


Sources 


Silver is a rare but naturally occurring metal, 
often found deposited as a mineral ore in associa- 
tion with other elements (PHS 1990). Argentite is 
the main ore from which silver is extracted by 
cyanide, zinc reduction, or electrolytic processes 
(Fowler and Nordberg 1986). Silver is frequently 
recovered as a byproduct from smelting of nickel 
ores in Canada, from lead-zinc and porphyry cop- 
per ores in the United States, and from platinum 
and gold deposits in South Africa (Smith and Car- 
son 1977). About 12-14% of the domestic silver 
output is recovered from lead ores and about 4% 
from zinc ores. Secondary sources of silver com- 
prise new scrap generated in the manufacture of 
silver-containing products; coin and bullion; and 
old scrap from electrical products, old film and 
photoprocessing wastes, batteries, jewelry, silver- 
ware, and bearings (Smith and Carson 1977). 

Silver is produced in 68 countries, but most 
(75%) of the world's silver (excluding the former 
Soviet bloc) is mined in the United States, Mexico, 
Canada, Australia, and Japan; the United States 
produces about 50% of the world's supply of refined 
silver (Smith and Carson 1977). The primary sil- 
ver mines of the United States are in the Coeur 
d'Alene mining district in the northern Idaho pan- 
handle (PHS 1990). Between 1949 and 1970, the 
United States consistently produced less than 15% 
of the global silver production and consumed 34- 
64% (Heyl et al. 1973). Since 1951, silver con- 
sumption in the United States has exceeded its 
extraction from ore (PHS 1990). In 1979, about 
95% of the silver in domestic production was from 
Idaho, Nevada, Arizona, Colorado, Utah, Mon- 
tana, and Missouri (U.S. Bureau of Mines 1980). 
End use categories of silver consumed domestically 
in 1979 included photography (39%), electrical and 
electronic components (25%), sterlingware and 
electroplated materials (15%), and brazing alloys 
and solders (8%). In 1979, the photographic indus- 
try was located mainly in New York, and most 
other end use manufacturers were in Connecticut, 
New York, Rhode Island, and New Jersey (U.S. 
Bureau of Mines 1980). 


World production of silver increased from 7.40 
million kg in 1964 to 9.06 million kg in 1972 and 
to 9.67 million kg in 1982 (Fowler and Nordberg 
1986). In 1986, 13.06 million kg of silver were 
produced globally; the United States produced 1.06 
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million kg in 1986 but consumed 3.94 million kg 
(PHS 1990). In 1990, the estimated world mine 
production of silver was 14.6 million kg; major 
producers were Mexico with 17% of the total, the 
United States with 14%, Peru with 12%, the former 
Soviet Union with 10%, and Canada with 9% 
(Reese 1991). In the United States during 1990, 
about 160 mines produced silver worth an esti- 
mated value of $320 million; most (71%) of the 
1990 mine production was in Nevada (32%), Idaho 
(21%), Montana (11%), and Arizona (7%). In 1990, 
22 major refiners of commercial grade silver and 
more than 5,000 silver fabricating and manufac- 
turing firms were located primarily in the north- 
eastern states. Of the silver imported into the 
United States in 1990, 44% came from Mexico, 34% 
from Canada, 5% from Peru, and 4% from Chile. 
Most was exported after transformation to ster- 
lingware, coinage, and other finished products. 
Melting and refining old scrap silver in 1990 ac- 
counted for 500,000 kg of silver (Reese 1991). 

Emissions from smelting operations, manufac- 
ture and disposal of certain photographic and elec- 
trical supplies, coal combustion, and cloud seeding 
are some of the anthropogenic sources of silver in 
the biosphere (Freeman 1979). Fallout from cloud 
seeding with silver iodide is not always confined to 
local precipitation; silver residuals have been de- 
tected several hundred kilometers downwind of 
seeding events (Freeman 1979). In 1978, the esti- 
mated loss of silver to the environment in the 
United States was 2.47 million kg, mostly to ter- 
restrial and aquatic ecosystems; the photography 
industry alone accounted for about 47% of all silver 
discharged into the environment from anthropo- 
genic sources (Smith and Carson 1977; Table 1). 
In California, anthropogenic sources contributed 
50% more silver to sediments of coastal basins 
than did natural sources, as judged by sedimen- 
tary basin fluxes of 0.09 yg/cm? in anthropogenic 
sources of silver and 0.06 pg/cm* in natural sources 
(Bruland et al. 1974). Sometimes, liquid effluents 
from the nuclear industry contained significant 
quantities of radiosilver-110m (Berthet et al. 
1992). In Lake Michigan, storms contribute a 
large fraction of the annual load of tributary-de- 
rived silver; concentrations of particle-bound silver 
in many rivers during storms were more than 0.1 
ug/L (Shafer et al. 1995). 

Most of the silver lost to the environment each 
year enters terrestrial ecosystems where it is im- 
mobilized in the form of minerals, metal, or alloys; 
agricultural lands may receive as much as 80,000 
kg of silver from photoprocessing wastes in sewage 


Table 1. Estimated release of silver to the environment in 
the United States in 1978 (U.S. Public Health Service 
1990). 


Compartment and 
source category 
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401 the total silver released to the domestic environment in 1978 
(2,470,700 kg), about 3.7% entered the atmosphere, 28.5% the 
aquatic environment, and 67.8% the terrestrial ecosystem. 


sludge. An estimated 150,000 kg of silver enter the 
aquatic environment every year from the photog- 
raphy industry, mine tailings, and electroplating 
(Smith and Carson 1977). During processing of 
photographic paper and film, silver is generally 
solubilized as the tightly bound thiosulfate com- 
plex. Silver thiosulfate in secondary biological 
waste treatment plants is converted to insoluble 
silver sulfide, which is removed in the sludge; only 
trace amounts of complexed and adsorbed silver 
are discharged into the aquatic environment. The 
silver incorporated into the sludge is immobile and 
should not restrict the use of sludge for the enrich- 
ment of soils (Dagon 1973; Bard et al. 1976; Cooley 
et al. 1988). The atmosphere receives 300,000 kg 
of silver each year from a variety of sources, but 
atmospheric concentrations are not known to ex- 
ceed the occupational threshold limit value of 10 
pg total Ag/m (Smith and Carson 1977). 


Daily intake of total silver from all sources by 
humans in the United States ranges from 70 to 88 
ug; diet accounted for 35-40 pg daily (EPA 1980). 
Sources of elevated dietary silver include seafood 
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from areas near sewage outfalls or industrial 
sources and crops grown in areas with high ambi- 
ent levels of silver in the air or soil (PHS 1990). 
Most occupational exposures to silver occur 
through inhalatien of silver-containing dusts or 
dermal exposure to photographic compounds. 
Dermal routes of human exposure to silver include 
handling of silver-containing processing solutions 
used in radiographic and photographic ma .<erials, 
dental amalgams, and silver sulfadiazine cream 
and solutions for treating burns (PHS 1990). 


Uses 


Silver has been used for ornaments and uten- 
sils for almost 5,000 years, and as a precious metal, 
a monetary medium, and a basis of wealth for more 
than 2,000 years. Until the late 1960's, it was used 
extensively for coinage (Heyl et al. 1973). Since 
1970, U.S. coinage has not contained silver, al- 
though minting of as many as 45 million silver-clad 
subsidiary coins has been authorized (Smith and 
Carson 1977). Industrial consumption of silver in 
the United States between 1966 and 1972 totaled 
4.67 million kg, primarily in the manufacture of 
photographic materials, electrical contacts and 
conductors, and sterlingware (Table 2). In 1973, 
silver was used mainly in photographic materials 
(29%), electrical and electronic components (22%), 
sterlingware (20%), electroplated ware (10%), 
brazing wares (20%), dental and medical products, 
catalysts, bearings, and jewelry (9%; Heyl et al. 
1973). In 1986, photographic materials accounted 
for 45% of the silver consumption in the United 
States; electrical and electronic components, 
25%; jewelry, sterlingware, and electroplated 


Table 2. industrial domestic use of silver during 1966-72. 
Total silver used was 4.67 million kg (Smith and Carson 


1977). 











Approximate 
Category percent of total 
Photographic materials 28.1 
Contacts and conductors 20.2 
Sterlingware 17.1 
Brazing alloys and solders 10.1 
Electroplated ware 10.0 
Battenes 5.1 
Jewelry 3.3 
Miscellaneous 2.4 
Dental and medical supplies 1.5 
Mik -ors 1.2 
Bearings 0.4 





ware, 11%; alloys and solders, 5%; and mirrors, 
dental amalgam, medical supplies, chemicals, 
water purification, and cloud seeding, 14% (PHS 
1990). Silver, as silver iodide, is used in the United 
States for weather modification, including rain 
and snow making and hail suppression; as much 
as 3,110 kg of silver is used for this purpose annu- 
ally (Smith and Carson 1977). Silver nitrate in 
hair dyes has been in use regularly for almost 200 
years (EPA 1980), although its use may lead to 
argyria (Smith and Carson 1977). In 1990, about 
50°% of the refined silver consumed domestically 
was used to manufacture photographic and x-ray 
products; 25% in electrical and electronic products; 
10% in electroplated ware, sterlingware, and jew- 
elry; 5% in brazing alloys; and 10% in other uses 
(Reese 1991). 


Because of its bacteriostatic properties, silver 
compounds are used tn filters and other equipment 
to purify water of swimming pools and drinking 
water and in the processing of foods, drugs, and 
beverages (Smith and Carson 1977; EPA 1920; 
PHS 1990). Activated charcoal filters coated with 
metallic silver to yield water concentrations of 
20-40 wg Ag/L are used in filtering systems of 
swimming pools to control bacteria (EPA 1980). 
Silver may also function as an #!gicide in swim- 
ming pools if chlorine, bromine, and iodine are 
absent; it prevents growth of blue-green algae at 
80-140 ng Ag/L (Smith and Carson 1977). Aboard 
orbiting Russian space stations and spaceships, 
potable water is routinely treated with 100-200 pg 
Ag/L to eliminate microorganisms; sterilization is 
usually complete in 20 min (Smith and Carson 
1977). Silver-containing ceramic water filters are 
used to purify potable water in Swiss ski resorts, 
German breweries, British ships, oil tankers, drill- 
ing rigs, U.S. home consumption, and more than 
half the world’s airiines. Monovalent and metallic 
silver compounds are considered excellent disin- 
fectants; however, Ag®* and Ag* are about 50 to 
200 times more effective than Ag* or Ag? (Antel- 
man 1994), possibly because of their higher oxida- 
tion states (Kirschenbaum 1991). 


Silver nitrate was used for many years as eye 
drops in newborns to prevent blindness caused by 
gonorrhea (PHS 1990). Laws in many states still 
require that a few drops of a 1-2% silver nitrate 
solution be applied to the conjunctiva of the eyes 
of newborn infants to prevent ophthalmia neona- 
torum by transmittal of gonorrhea from the 
mother (EPA 1980; PHS 1990). This treatment is 
still required in Denmark but not in Japan or 
Australia (EPA 1980). Silver nitrate is not used in 
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many U.S. hospitals because of the dangers of 
chemical conjunctivitis and has been replaced by 
antibiotics (EPA 1980). In the United States, sev- 
eral silver-containing pharmaceuticals were used 
topically on skin or mucous membranes to assist 
in healing burn patients and to combat skin ulcers 
(Smith and Carson 1977; EPA 1980). Oral medi- 
cines containing silver include silver acetate-con- 
taining antismoking lozenges; breath mints coated 
with silver; and silver nitrate solutions for treating 
gum disease (PHS 1990). The widespread medical 
use of silver compounds for topical application to 
mucous membranes and for internal use became 
nearly obsolete in the past 50 years because of the 
fear of argyria and the development of sulfonamide 
and antibiotic microbials (Smith and Carson 
1977). 


Chemistry and Metabolism 
General 


Silver occurs naturally in several oxidation 
states, the most common being elemental silver 
(Ag*) and the monovalent ion (Ag*). Soluble silver 
salts are in general more toxic than insoluble salts; 
in natural waters, the soluble monovalent species 
is the form of environmental concern. Sorption is 
ihe dominant process that controls silver partition- 
ing in water and its movements in soils and sedi- 
ments. As discussed later, silver enters the animal 
body through inhalation, ingestion, and movement 
across mucous membranes and broken skin. The 
interspecies differences in the ability of animals to 
accumulate, retain, and eliminate silver are large. 
Almost all of the total silver intake is usually 
excreted rapidly in feces; less than 1% of the total 
silver intake is absorbed and retained in tissues, 


primarily liver, through precipitation of insoluble 
silver salts. In mammals, silver usually interacts 
antagonistically with selenium, copper, and vita- 
min E; in aquatic environments, ionic or free silver 
interferes with calcium metabolism in frogs and 
marine annelids and with sodium and chloride 
uptake in gills of fishes. 


Physical and Chemical Properties 


Silver is a white, ductile metal occurring natu- 
rally in the pure form and in ores (EPA 1980). 
Silver has the highest electrical and thermal con- 
ductivity of all metals. Some silver compounds are 
extremely photosensitive and are stable in air and 
water except for tarnishing readily when exposed 
to sulfur compounds (Heyl et al. 1973). Metallic 
silver is insoluble in water but many silver salts, 
such as silver nitrate, are soluble in water to 1,220 
g/L (Table 3). In natural environments, silver oc- 
curs primarily in the form of the sulfide or is 
intimately associated with other metal sulfides, 
especially those of lead, copper, iron, and gold, 
which are all essentially insoluble (EPA 1980; PHS 
1990). Silver readily forms compounds with anti- 
mony, arsenic, seleniusn, and tellurium (Smith 
and Carson 1977). Silver has two stable isotopes 
("Ag and Ag) and 20 radioisotopes; none of the 
radioisotopes of silver occurs naturally, and the 
radioisotope with the longest physical half-life 
(253 days) is "Ag. Several compounds of silver 
are potential explosion hazards: silver oxalate 
decomposes explosively when heated; silver 
acetylide (Ag,C,) is sensitive to detonation on con- 
tact; and silver azide (AgN,) detonates spontane- 
ously under certain conditions (Smith and 
Carson 1977). 


Table 3. Some properties of silver and silver nitrate (Lockhart 1983; U.S. Public Health Service 1990). 








Verieabie Sitver Sliver ritrete 

Alternate names Argentum, argentum crede Ci Lunar caustic fused silver nitrate, 
silver colloidal, sifflake, nitras, nitric acid silver (I) salt, 
siipowder, silber nitric acid silver (1+) salt, 

CAS number 

Chemical formula 

Molecular weight 

Physical state 

Boiling point 

Solubility 
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Silver occurs naturally in several oxidation 
states, usually as Ag* and Ag’; other possible oxi- 
dation states of silver are Ag® and Ag* (PHS 
1990). In surface fresh water, silver may be found 
as the monovalent ion; in combination with sulfide, 
bicarbonate, or sulfate; as part of more complex 
ions with chlorides and sulfates; and adsorbed onto 
particulate matter (PHS 1990). Soluble silver 
salts are more toxic than insoluble salts, and sol- 
uble silver ion (Ag*) is the most toxic chemical 
species. In natural waters, the soluble monovalent 
species is the form of environmental concern (EPA 
1980). The argentous ion (Ag’) does not hydrolyze 
appreciably in solution and is considered to be a 
mild oxidizing agent (Smith and Carson 1977). 
Hypervalent silver species, such as Ag?* and Ag*’, 
are significantly more effective as oxidizing agents 
than Ag’ and Ag’ (Kouadio et al. 1990; Kirschen- 
baum 1991; Sun et al. 1991) but are unstable in 
aqueous environments, especially at water tem- 
peratures near 100° C (Smith and Carson 1977). 
In natural waters, silver may exist as metalloor- 
ganic complexes or adsorb to organic materials 
(EPA 1980). In fresh water and soils, the primary 
silver compounds under oxidizing conditions are 
conditions the free metal and silver sulfice pre- 
dominate (PHS 1990). In river water, one study 
showed silver present as the monovalent ion (Ag’) 
at 53-71% of the total silver, as silver chloride 
(AgCl) at 28-45%, and as silver chloride ion (AgCl, ) 
at 0.6-2.0% (PHS 1990). Increasing salinity of 
brackish and marine waters increase concentra- 
tions of silver chloro complexes (4Cl°, AgCl, , 
AgCl,”, AgCl,”); these chloro complexes retain 
some silver in dissolved form, and relatively smal] 
anthropogenic quantities can substantially enrich 
the environment (Luoma 1994; Andren et al. 
1995). In the open ocean, the principal dissolved 
form of silver is AgCl, , but the most bioavailable 
form may be the neutral monochlorc complex AgC] 
(Bryan and Langston 1992). 


Sorption is the dominant process that controls 
silver partitioning in water and its movement in 
soils and sediments (EPA 1980; PHS 1°90). Silver 
may leach from soils into ground water; the leach- 
ing rate increases with decreasing pH and increas- 
ing drainage (PHS 1990). Silver adsorbs to 
manganese dioxide, ferric compounds, and clay 
minerals, and these compounds are involved in 
silver deposition into sediments; sorption by man- 
ganese dioxide and precipitation with halides re- 
duce the concentration of dissolved silver, 
resulting in higher concentrations in sediments 


than in the water column (EPA 1980). Under 
reducing conditions, adsorbed silver in sediments 
may be released and subsequently reduced to me- 
tallic silver or it may combine with reduced sulfur 
to form the insoluble silver sulfide (EPA 1980). 
Sediments may be a significant source of silver to 
the water column. In one s'udy, anoxic sediments 
containing 1.0-27.0 g Ag/kg dry weight (DW) and 
10 mmoles of acid volatile sulfide/‘kg DW were 
resuspended in oxygenated seawater for several 
hours to days. The seawater in contact with sedi- 
ment containing 10.8 g/kg had 20 ng Ag/L; seawa- 
ter in contact with sediments containing 27 g Ag/kg 
had about 2,000 ng Ag/L, which seems to be the 
solubility of silver in seawater (Crecelius and Phil- 
lips 1995). 

The global biogeochemical movements of silver 
are characterized by releases to the atmosphere, 
water, and land by natural and anthropogenic 
sources, long-range transport of fine particles in 
the atmosphere, wet and dry deposition, and sorp- 
tion to soils and sediments (PHS 1990). The chief 
source of silver contamination of water is silver 
thiosulfate complexes in photographic developing 
solutions that photofinishers discard directly to 
sewers (Smith and Carson 1977). Secondary 
waste treatment converts most of the silver thio- 
sulfate complex to insoluble silver sulfide and 
forms some metallic silver (Lytle 1984). About 
95% of the total silver is removed in publicly owned 
treatment works from inputs containing municipal 
sewage and commercial photoprocessing effluents, 
and effluents contain less than 0.07 yg ionic sil- 
ver/L (Lytle 1984). Silver in sewage treatment 
plant effluents may be associated with suspended 
particles or be present as thiosulfate complex, col- 
loidal silver complex, colloidal silver chloride, sil- 
ver sulfide, or soluble organic complexes (Smith 
and Carson 1977). Silver on suspended matter 
and in colloidal forms and insoluble salts ulti- 
mately settles out in the sediments. At the water 
treatment plant, most of the silver is precipitated 
after treatment with lime or adsorbed after treat- 
ment with alum-flocculent. Chlorination converts 
some silver to silver chloride or to a soluble silver 
chloride complex (Smith and Carson 1977). 


Forms of silver in atmospheric emissions are 
probably silver sulfide, silver sulfate, silver car- 
bonate, silver halides, and metallic silver (Smith 
and Carson 1977). About 50% of the silver re- 
leased into the atmosphere from industrial opera- 
tions is transported more than 100 km and is 
eventually deposited in precipitation (PHS 1990). 
Minute amounts of ' “Ag detected in natural 
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waters are attributed to atmospheric fallout frora 
nuclear explusions (Smith and Carson 1977). 

A variety of spectrographic, colorimetric, po- 
larographic, and other analytical) techniques are 
used for routine measurement of silver in biologi- 
cal and abiotic samples. The decection limit of 
silver in biological tissues with scanning electron 
microscopy and x-ray energy spectrometry is 0.02 
ug/kg and sometimes as low as 0.005 pg/kg. In air, 
water, and soil samples, the preferred analytical 
procedures include flame and graphite furnace 
atomic absorption spectrometry, plasma «mission 
spectroscopy, and neutron activation (Fow- 
ler and Nordberg 1986; PHS 1990). Sensitive 
voltammetry techniques using anodic stripping 
have recently been developed to measure free sil- 
ver ion in soluticn at concentrations as low as 
0.1 ug/L (Schildkraut 1993; Song and Osteryoung 
1993). 


Metabolism 


The acute toxicity of silver to aquatic species 
varies drastically by the chemical form and corre- 
lates with the availability of free ionic silver (Wood 
et al. 1994). In natural aquatic systems, ionic 
silver is rapidly complexed «nd sorbed by dissolved 
and suspended materials tiat are usually present. 
Complexed and sorbed silver species in natural 
waters are at least one order of magnitude less 
toxic to aquatic organisms than the free silver ion 
(Rodgers et al. 1994). Thus, silver nitrate—which 
is strongly dissociated—is extremely toxic to rain- 
bow trout (Oncorhynchus mykiss); the 7-day LC50 
value is 9.1 pg/L. Silver thiosulfate, silver chloride, 
and silver sulfide are relatively benign (7-day 
LC50 values >100,000 pg/L), presumably because 
of the abilities of the anions to remove ionic silver 
from solution (Wood et al. 1994, 1996b; Hogstrand 
et al. 1996). The probable cause of hyperventilation 
in rainbow trout exposed to silver nitrate was a 
severe metabolic acidosis manifested in decreased 
arterial plasma pH and HCO, levels. Lethality of 
ionic silver to trout is probably due to surface 
effects at the gills—disrupting Na‘, Cl, and 
H*—causing secondary fluid volume disturbance, 
hemoconcentration, and eventual cardiovascular 
collapse (Wood et al. 1994, 1995, 1996a, 1996b). 
Morgan et al. (1995) suggest that the sites of action 
of silver toxicity in rainbow trout may be inside the 
cells of the gill epithelium rather than at the exter- 
nal surface, and that they are linked to carbonic 
anhydrase—a gill enzyme involved in Na* and Cl 
transport. Silver concentrations and metal- 





lothionein levels in gills and livers of rainbow trout 
increased with increasing exposure to silver: inter- 
nal toxicity associated with increased silver accu- 
mulations may be lessened by the formation of 
silver-induced metallothioneins (Hogstrand et al. 
1996). In seawater, silver nitrate is less toxic to 
biota than in fresh water (Wood et al. 1995). This 
difference is probably due to the low concentration 
of free Ag’ (the toxic moiety in freshwater) in 
seawater and to the high levels of chloride and 
negatively charged Ag-chloro complexes in seawa- 
ter. However, high levels of silver nitrate are toxic 
to marine invertebrates despite the absence of Ag’, 
and this is attributed to the bioavailability of 
Ag-chloro complexes; mechanisms of silver toxic- 
ity in marine fishes are still unknown (Wood et al. 
1995). 

Ionic silver interferes with calcium metabolism 
of frogs and marine polychaete worms. Silver ions 
cause muscle fibers of frogs (Rana spp.) to deterio- 
rate by allowing excess calcium to enter the cell. 
Studies with frog skeletal muscle fibers exposed to 
1.08 mg/L showed that silver activated the calcium 
ion channel by acting on sulfhydryl groups in a 
calcium ion channel protein (Aoki et al. 1993). In 
marine polychaetes contaminated with silver, the 
calcium content of nephridial cel!s was reduced, 
although silver was not detected in the calcium 
vesicles (Koechlin and Grasset 1988). Silver binds 
with protein sulfhydryl groups and this process 
protects the worm against silver poisoning (Koech- 
lin and Grasset 1988). In marine mollusks, how- 
ever, sulfide anion was the ligand of silver (Truchet 
et al. 1990). In marine gastropods (Littorina lit- 
torea), silver was stored in the basement mem- 
branes of the digestive system; in clams 
(Scrobicularia plana), it was stored in the base- 
ment membranes of the outer fold of the mantle 
edge and in the amoebocytes (Truchet et al. 1990). 
The availability of free silver in marine environ- 
ments was strongly controlled by salinity because 
of the affinity of silver for the chloride ion (Sanders 
et al. 1991). Silver sorbs readily to phytoplankton 
and to suspended sediments. As salinity increases, 
the degree of sorption decreases. Nearly 80% of 
silver sorbed to suspended sediments at low salini- 
ties desorbs at higher salinities, but desorption 
does not occur when silver is associated with phy- 
toplankton. Thus, silver incorporation in or on 
cellular material increases the retention of silver 
in the estuary, reducing the rate of transport 
(Sanders and Abbe 1987). 


Silver may enter the body of mammals through 
inhalation, ingestion, and movement across 
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mucous membranes or broken skin (Smith and 
Carson 1977; EPA 1980; Klaassen et al. 1986; PHS 
1990). In most ceases of occupational argyrosis, 
absorption occurs via the respiratory tract or at the 
eyes (Smith and Carson 1977; EPA 1980). Silver 
is retained by all body tissues; tissue concentra- 
tions are related to the dose, form of administered 
silver, and route of exposure. Silver also accumu- 
lates in mammalian tissues with increasing age of 
the individual, even if none is administered inten- 
tionally. Inside the body, si!ver is transported 
mainly in the protein fractions of plasma, presum- 
ably as silver albuminate or silver chloride (Smith 
and Carson 1977; EPA 1980). In mammals, the 
highest concentrations of silver are usually found 
in the liver and spleen and to some extent in the 
muscles, skin, and brain (Fowler and Nordberg 
1986). The primary sites of silver deposition in the 
human body are the liver, skin, adrena!s, lungs, 
muscle, pancreas, kidney, heart, and spleen; silver 
is also deposited in blood vessel walls, the trachea, 
and bronchi (Smith and Carson 1977). Dogs ex- 
posed to silver by inhalation accumulated most of 
the administered dose in the liver; concentrations 
in the lung, brain, skin, and muscle were lower 
(EPA 1980; Fowler and Nordberg 1986). Intrave- 
nous injection of silver produces accumulations in 
the spleen, liver, bone marrow, lungs, muscle, and 
skin (Klaassen et al. 1986). Intestinal absorption 
of silver by rodents, canids, and primates has been 
recorded at 10% or less after ingestion of radioac- 
tive silver; a value of 18% was estimated in a single 
human given radiosilver acetate (EPA 1980; 
Klaassen et al. 1986) and about 3-10% of the ab- 
sorbed silver is retained in the tissues (Smith and 
Carson 1977). In a human given radioactive silver, 
more than 50% of the who!le-body burden of silver 
was found in the liver after 16 days (Fowler and 
Nordberg 1986) 

Deposition of silver in tissues of warm-blooded 
animals results from precipitation of relatively 
insoluble silver salts, such as silver chloride and 
silver phosphate (PHS 1990). These insoluble 
salts may be transformed into soluble silver sulfide 
albuminates that bind or complex with RNA, DNA, 
and proteins, or may be reduced to metallic silver 
by ascorbic acid or catecholamines. In humans 
with argyria, the biue or gray skin discoloration is 
caused by the photoreduction of silver chloride to 
metallic silver during exposure to ultraviolet light. 
Metallic silver, in turn, is oxidized and bound as 
black silver sulfide (PHS 1990). Silver sulfide 


(Ag,S) is localized in extracellular structures such 
as basement membranes and in macrophageous 


cells (Baudin et ai. . 994). Before storage as a stable 
mineral combination, silver binds to proteins that 
contain a large proportion of sulfhydryl groups 
such as metallothioneins (Fowler and Nordberg 
1986). The last stage in the catabolic pathway of 
these proteins leads to storage of silver after reac- 
tion with a sulfur ligand (Baudin et al. 1994). 
These mechanisms explain why the liver, the most 
important organ for protein synthesis, shows the 
highest capacity for silver accumulation. High 
concentrations of silver in the digestive tract are 
linked to the numerous basement membranes con- 
tained in its tissues. Interspecies differences in 
the ability to accumulate, retain, and eliminate 
silver are large (Baudin et al. 1994). 

The enzyme-inhibiting action of silver ions may 
be due to the binding of sulfhydryl groups of some 
enzymes. Binding, in certain enzymes, is probably 
at a histidine imidazole group; in the case of glu- 
cose oxidase, silver ions compete with molecular 
oxygen as a hydrogen acceptor (Smith and Carson 
1977). About 60% of the silver in liver and kidneys 
of silver-injyected rats was in the cytosol fractions 
bound to the high molecular weight proteins and 
metallothionein fractions; however, in spleen and 
brain only 30% of the total tissue silver was found 
in the cytosol fractions (Fowler and Nordberg 
1986). At moderate doses (0.4 mg Ag/kg body 
weight [BW)) in rats, the liver handl2s most of the 
absorbed silver from the body in the bile; at higher 
doses, silver deposits are markedly increased in 
the skin (EPA 1980). In house sparrows (Passer 
domesticus), a silver-binding protein was identi- 
fied in liver after radiosilver-110m injection; the 
protein was heat-stable, resistant to low pH, and 
of low molecular weight (Kumar and Bawa 1979). 
The properties of the hepatic silver-binding pro- 
tein in birds were similar to other studied metal- 
lothioneins, but more research is needed to 
distinguish differences from mammalian metal- 
lothioneins (Kumar and Bawa 1979). 


Most absorbed silver is excreted into the intes- 
tines by way of the liver into the bile and sub- 
sequently excreted in feces; urinary excretion of 
silver is generally very low (EPA 1980; Fowler and 
Nordberg 1986; Klaassen et al. 1986; PHS 1990). 
Rodents, monkeys, and dogs given radioactive sil- 
ver salts by oral and other routes excreted more 
than 90% of the absorbed dose in the feces (Fowler 
and Nordberg 1986). Rats injected intravenously 
with radioactive silver nitrate excreted silver in 
bile mainly bound to a low molecular weight com- 
plex similar to glutathione (Fowler and Nord- 
berg 1986). Excretion was faster and percentages 
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excreted by mice, rats, monkeys, and dogs were 
larger when silver was administered orally than 
by intravenous or intraperitoneal injection (Smith 
and Carson 1977). 

Among mammals, low doses of ingested silver 
were eliminated from the body within 1 week (PHS 
1990). In rats, mice, and rabbits, about 99% of a 
single oral dose of silver was eliminated within 30 
days (EPA 1980). Time for 50% clearance of silver 
in rats, mice, monkeys, and dogs after oral inges- 
tion was about 1 day; this shert half-time is due, 
in part, to fecal elimination of unabsorbed silver; 
the half-times were longer (1.8-2.4 days) after in- 
travenous injection (Fowler and Nordberg 1986). 
Rodents dosed with silver accumulated high initial 
concentrations in the liver, which greatly de- 
creased within 10 days; however, silver concentra- 
tions in spleen and brain were retained for longer 
periods. The biological half-time of radiosilver in 
rats given a single intraperitoneal injection was 40 
h in whole blood, plasma, kidney, and liver; 70 h 
in spleen; and 84 h in brain. After exposure by 
inhalation, dogs cleared 59% of an administered 
dose of radiosilver- 110m from the lungs in 1.7 days 
and from the liver in 9 days (Fowler and Nordberg 
1986). The mean daily intake of silver in humans 
is about 88 yg; about 60 pg is excreted daily in the 
feces (Smith and Carson 1977). In humans, the 
whcle-body effective half-time of persistence was 
43 days (EPA 1980). The biological half-time of 
silver in the lungs of an exposed person was about 
1 day; in liver it was 52 days (Fowler and Nordberg 
1986). In humans, 80% of the retained silver in 
lung was cleared in about 1 day; 50% of the remain- 
der was usually cleared in 3 days (EPA 1980). In 
110m, most of the inhaled silver had a half-time 
persistence of about 1 day, probably because of 
rapid mucociliary clearance, swallowing, and fecal 
excretion; most of the absorbed radiosilver translo- 
cated to the liver (EPA 1980). 

Silver interacts competitively with selenium, 
vitamin E, and copper and induces signs of defi- 
ciency in animals fed adequate diets or aggravates 
signs of deficiency when diets lack one or more of 
these nutrients; antagonistic effects of silver have 
been described in dogs, pigs, rats, sheep, chicks, 
turkey poults, and ducklings (EPA 1980). Cor- 
versely, the addition of selenium, copper, or vita- 
min E to diets of turkey poults decreased the 
toxicity of diets containing 900 mg Ag/kg (Fowler 
and Nordberg 1986). Dietary administration of 
silver acetate antagonized selenium toxicity; silver 
prevented growth depression and death in chicks 


fed diets containing excess selenium (EPA 1980). 
The addition of selenium to the diets of rats ex- 
posed to silver in drinking water prevented growth 
retardation but increased the concentration of sil- 
ver in liver and kidneys (Fowler and Nordberg 
1986). Silver deposits in rat liver, kidneys, and 
other internal organs were in the form of sulfides; 
under high selenium exposure, the sulfur can be 
replaced with selenium (PHS 1990) and formation 
of silver selenide deposits in the liver may be 
considered a silver detoxification process (EPA 
1980). 


Concentrations in Field 
Collections 


General 


Silver is comparatively rare in the earth's 
crust—67th in order of natural abundance of ele- 
ments; the crustal abundance is an estimated 0.07 


mg/kg and predominantly concentrated in basalt 
(0.1 mg/kg) and igneous rocks (0.07 mg/kg; Hey] et 
al. 1973). Silver concentrations in nonbiological 
materials tend to be naturally elevated in crude oil 
and in water from hot springs and steam wells. 
vated concentrations of silver in nonliving materi- 
als include smelting, hazardous waste sites, cloud 
outfalls, and especially the photoprocessing indus- 
try. Silver concentrations in biota were greater in 
organisms near sewage outfalls, electrcplating 
plants, mine wastes, and silver-iodide seeded ar. 
eas than in conspecifics from more distant sites. 


Nonbiological Materia!s 


Maximum concentrations of total silver re- 
corded in selected nonbiological materials were 
36.5 ng/m! in air near a smelter in Idaho; 2.0 pg/m* 
in atmospheric dust; 0.1 pg/L in oil well brines; 
4,500 ng/L in precipitation from clouds seeded with 
silver iodide; 6.0 pg/L in groundwater near a haz- 
ardous waste site; 8.9 pg/L in seawater from 
Galveston Bay, Texas; 260 pg/L in the Genesee 
River, New York—the recipient of photoprocessing 
wastes; 300 pg/L in steam wells; 300 ng/L in 
treated photoprocessing wastewaters; 31 mg/kg in 
some Idaho soils; 43 mg/L in water from certain hot 
springs; 50 mg/kg in granite; as much as 100 mg/kg 
in crude oils; 150 mg/kg in some Genesee River 
sediments; and 27,000 mg/kg in some solid wastes 
from photoprocessing effluents (Table 4). It is 
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Table 4. Siver concentratons in representative 1Onb ological matenais 








tietertel, unite of concentration. 
and other vartabies Concentration* Retorence® 
An gp? 
Chicago, 1949 43 1 
Heidelberg, Germany, April 1971 42 1 
ihesva, ndustnalized area 1-5 2 
industnalized areas 70 3 
KeBogg. idaho. near sineRer, 1977 10.5; Max. 36.5 1,2 
Niles, Mictugan. June 1969 10 1 
Rural areas 
Sadver~odide cloud-seeding area 16 1 
Areas not cloud-seeded 0044.1 2.3 
San Francisco, 1970 0.15 1 
U.S. national parks oon. 2 
\ icinity of lead smelters Max 75 3 
Vicinity of séver iodide ground-based cloud-seeding 
generator 
Al generator site >10,000 1 
>50 m wom site 0.1 1 
Wastungion,D.C 1974 11 1 
Ameoephertc Gust, ug 
Northern hernsphere 20 4 
Ortnking water. cold residues. mg kg 
United States 0.08 (0.01-0.20) 1 
Foeell fuste, meg 
Coal @y ash Max. 10-15 2,5 
Crude of Max. 100 3 
Fuel of, resmdual Max. 0.12 3 
Freeh water, ue/l 
Amazon River, South America 0.23 3 
Genesee River, New York, recerves photoprocessing 
wastes; 1973 
June 90-260 1 
Wineer 20 1 
Pamocent River, Maryland 0.08-0.1 6 
Rinone River, Europe 0.38 3 
United States 
Osscived Usually <0.2 1,3 
Revers 0.3 (0.09-0 55) 3,5 
Surface waters 26 3 
Tap water 2.2 (0.3-5.0) 1,5 
Tap were Max 26 3 
Ground water, ue 
Neer hazardous waste site 6.0 2 
Noncontarrunated site <05 4 
ot springs, np’. Max 43,000 1 
OS well brine, np 0.1 1 
Precipiation, 
From seeding clouds with silver iodide Usually 10-300; Max. 4,500 1,2 
From non-seeded clouds Usually 0.0-20; Max. 216 1,2 
Roch, meng 
Grenite, igneous Max. 50 5 
Sommer. yA 
Near shore 0.25 (0.06-2.9) .2,5 
Open ocean 0.00004-0 0025 3,7 
Galveston Bay, Texas, 1969 
Onesoived 3.2 (0.2869) 8 
Purticadete 2.8 (0.75.9) 8 
Sentiments, aging 
wetland, Cork Harbour, intertidal sites, February 1990 <0.05 4 
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Table 4. Continued. 








Meterial, units of concentration, 








and other variables ot Concentration® —_— Reference” _ 
United Kingdom 
19 estuaries 0.07-4.1 7 
Contaminated vs. uncontaminated estuaries >1 vs. <0.1 7 
United States 
Marine sediments, near Pacific coast cities 1.5-3.5 
New York, Genesee River, 1973; receives 150 1 
photoprocessing effiuents 
Puget Sound, Washington, August, 1962 
0-20 cm depth Max. 0.67 10 
51-75 cm depth Max. 0.55 10 
110-175 cm depth Max. 0.27 10 
195-265 cm depth Max. 0.07 10 
San Francisco Bay Max. >10 7 
Southern California coastal basins, contaminated 14-20 5 
by wastewater 
Soils, mg/kg 
Canada 0.13 2 
Earth's crust 0.1 2 
Hazardous waste site 45 2 
Kellogg, idaho 20.0 (3.2-31.0) 2 
Michigan 
Agricultural 0.19 2 
Industrial 0.37 2 
Residential 0.13 2 
Solid westes, mg/kg 
Municipal wastes 3.0 (<3-7) 2 
Municipal and industrial wastes 15-120 2 
Photoprocessing effiuents 450-27 ,000 2 
Sewage sludge 225-960 2 
Steam wells 
Water, ng/L Max. 300 1 
Residue, mg/L Max. 13,000 1 
Wastewater, g/L 
Agricultural drainage water Max. 1 1 
Entering southern California coastal basins Max. 30 5 
Municipal wastewater 0.05-45.0 1 
Sewage sludge, United States 5-150 5 
wastes, treated 70.0 (20-300) 2,11 








Photoprocessing wastes, treat 
“Concentrations are shown as mean. range (in parentheses), and maximum (Max.). 


>1, U.S. Environmental Protection Agency (EPA) 1980; 2, U.S. Public Health Service (PHS) 1990; 3, Smith and Carson 1977; 4, Free- 
man 1979; 5, Fowler and Nordberg 1986; 6, Connell et al. 1991; 7, Bryan and Langston 1992; 8, Morse et al. 1993; 9, Berrow 1991; 
10, Bloom and Crecelius 1967; 11, National Association of Photographic Manufacturers 1974. 


emphasized that only a small portion of the total 
silver in each of these compartments is biologically 
available. For example, typical publicly owned 
treatment works receiving photoprocessing efflu- 
ents show silver removal efficiencies greater than 
90%; the mean concentration of free silver ion 
present in the effluents from these plants ranged 
from 0.001 to 0.07 pg/L (Lytle 1984; Bober et al. 
1992). 

Silver is usually found in extremely low concen- 
trations in natural waters because of its low crus- 


tal abundance and low mobility in water (EPA 
1980). One of the highest silver concentrations 
recorded in fresh water, 38 yg/L, occurred in the 
Colorado River at Loma, Colorado, downstream of 
an abandoned gold-copper-silver mine, an oil shale 
extraction plant, a gasoline and coke refinery, and 
a uranium processing facility (EPA 1980). The 
maximum recorded value of silver in tap water in 
the United States was 26 yg/L—significantly 
higher than finished water from the treatment 
plant (maximum of 5.0 yg/L)—because of the use 
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of tin-silver solders for joining copper pipes in the 
home, office, or factory (EPA 1980). 


In general, silver concentrations in surface wa- 
ters of the United States decreased between 1970- 
74 and 1975-79, although concentrations increased 
in the north Atlantic, Southeast, and lower Missis- 
sippi basins (PHS 1990). About 30 to 70% of the 
silver in surface waters may be ascribed to sus- 
pended particles (Smith and Carson 1977), de- 
pending on water hardness or salinity. For 
example, sediments added to solutions containing 
2 wg Ag/L had 74.9 mg Ag/kg DW sediment after 
24h in freshwater, 14.2 mg/kg DW at 1.5% salinity 
and 6.9 mg/kg DW at 2.3% salinity (Sanders and 
Abbe 1987). Riverine transport of silver to the 
ocean is considerable: suspended materials in the 
Susquehanna River, Pennsylvania—containing as 
much as 25 mg silver/kg—result in an estimated 
transport of 4.5 metric tons of silver to the ocean 
each year (EPA 1980). 


Emissions of silver from coal-fired power plants 
may lead to accumulations in nearby soils (Fowler 
and Nordberg 1986). Silver in soils is largely im- 
mobilized by precipitation to insoluble salts and by 
complexation or adsorption by organic matter, 
clays, and manganese and iron oxides (Smith and 
Carson 1977). 


Silver can remain attached to oceanic sedi- 
ments for about 100 years under conditions of high 
pH, high salinity, and high sediment concentra- 
tions of iron, manganese oxide, and organics (Win- 
gert-Runge and Andren 1994). Estuarine 
sediments that receive metals, mining wastes, or 
sewage usually have higher silver concentrations 
(>0.1 mg/kg DW) than noncontaminated sedi- 
ments. Silver is tightly bound by sewage sludge, 
and elevated silver concentrations in sediments 
are often characteristic of areas near sewage out- 
falls. In the absence of sewage, silver in oxidized 
sediments is associated with oxides of iron and 
with humic substances (Bryan and Langston 
1992). Sediments in the Puget Sound, Washington, 
were significantly enriched in silver, in part from 
human activities; concentrations were higher in 
fine-grained particles (Bloom and Crecilius 1987). 
Marine annelids and clams accumulate dissolved 
and sediment-bound forms of silver. Uptake of 
silver from sediments by marine polychaete anne- 
lids decreased in sediments with high concentra- 
tions of humic substances or copper but increased 
in sediments with elevated c:;ncentrations of man- 
ganese or iron (Bryan and Langston 1992). 


Plants and Animals 


Maximum concentrations of total silver re- 
corded in field collections of living organisms (Ta- 
ble 5), in milligrams silver per kilogram dry 
weight, were 1.5 in liver of marine mammals, 2 in 
liver and 6 in bone of trout from ecosystems receiv- 
ing precipitation from silver-iodide seeded clouds, 
7 in kidneys and 44 in liver of birds from a metals- 
contaminated area, 14 in marine algae and macro- 
phytes, 30 in whole annelid worms from San 
Francisco Bay 72 in skin of humans afflicted with 
argyria, 110 in whole mushrooms, 133 to 185 in 
soft parts of clams and mussels near sewage and 
mining waste »utfalls, and 320 in whole gastropods 
from South San Francisco Bay. Silver concentra- 
tions in conspecifics from areas remote from an- 
thropogenic contamination were usually lower by 
one or more orders of magnitude (Table 5). 


Silver is a normal trace constituent of many 
organisms (Smith and Carson 1977). In terrestrial 
plants, silver concentrations are usually less than 
1.0 mg/kg ash weight (equivalent to less than 0.1 
mg/kg DW) and are higher in trees, shrubs, and 
other plants near regions of silver mining; seeds, 
nuts, and fruits usually contain higher silver con- 
centrations than other plant parts (EPA 1980). 
Silver accumulations in marine algae (max. 14.1 
mg/kg DW) are due mainly to adsorption rather 
than uptake; bioconcentration factors of 13,000 to 
66,000 are not uncommon (PHS 1990). 


Silver concentrations in mollusks vary widely 
between closely related species and among conspe- 
cifics from different areas (Bryan 1973; Eisler 
1981; Table 5). The inherent differences in ability 
to accumulate silver among bivalve mollusks are 
well documented (oysters >> scallops >> mussels; 
Brooks and Rumsby 1965; Eisler 1981). The high- 
est silver concentrations in all examined species of 
mollusks were in the internal organs, especially in 
the digestive gland and kidneys (Eisler 1981; Mi- 
ramand and Bentley 1992; Table 5). Elevated con- 
centrations of silver (5.3 mg/kg DW) in shells of 
limpets from uncontaminated sites suggest that 
silver may actively participate in carbonate min- 
eral formation (Navrot et al. 1974), but this needs 
verification. In general, silver concentrations 
were elevated in mollusks collected near port cities 
and in the vicinities of river discharges (Fowler 
and Oregioni 1976; Berrow 1991), electroplating 
plant outfalls (Eisler et al. 1978; Stephenson and 
Leonard 1994), ocean dump sites (Greig 1979), and 
urban point sources including sewage outfalls (Al- 
exander and Young 1976; Smith and Carson 1977; 
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Table 5. Silver concentrations (milligrams of silver per kilogram fresh weight [FW], dry weight [DW], that tata 


in field collections of selected plants and animals. 








Taxonomic group, organism, 
and other variables Concentration® (mg/kg) Reference” 
Algae, macrophytes, and higher plants 
Marine algae and macrophytes, 24 species 
9 species <0.1-2.0 DW 1 
11 species 2.1- 10.0 DW 1 
4 species 10.1-14.1 DW 1 
Higher terrestrial plants 0.2-<1.0 AW 2,3 
Cnidarians 
Corals, 34 species <1.0 DW 1 
Various, 10 species Max. 0.1 DW 1 
Mollusks 
Cephalopods, 7 species; digestive gland 3.0-46.0 DW 4 
, French coast of English Channel 
October 1987 
Octopus, Eledone cirrhosa 
Digestive gland 2.0-4.4 DW 4 
Digestive tract 0.5 OW 4 
Other tissues <0.3 OW 4 
Whole 0.6 OW 4 
Cuttlefish, Sepia officinalis 
Digestive gland 4.9-7.4 DW 4 
Kidney 0.7 OW 4 
Other tissues <0.3 OW 4 
Whole 0.7 DOW 4 
Clam, Corbicula sp.; San Francisco Bay, 1963-86 0.07-0.2 DW 5 
soft parts 
American oyster, Crassostrea virginica, soft parts 
Connecticut 6.1 FW 6 
East coast 0.3-5.0 DW 7, 55 
Georgia 28.0-82.0 DW 8 
Gulf coast 0.6-6.0 DW; Max. 7.0 DW 7,9, 10 
Louisiana 5.5 DW 11 
Maryland, Chesapeake Bay, 1966-88 2.0-6.0 DW 12 
Northeast coast 0.8-2.3 Fw 13 
Red abalone, Haliotis rufescens, California 
Digestive gland 14.0-60.0 DW 14 
Foot 1.0-44.0 DW 14 
Gills 13.0-129.0 DW 14 
Mantie 16.0-54.0 DW 14 
Periwinkle, Littorina littorea, soft parts; 10.7 (3.1-17.4) DW vs. 4.1 (3.4-5.0) OW 15 
Looe estuary, U.K. vs. uncontaminated site, 1968 
San Francisco Bay 
Near sewage outtail 32.0-133.0 DW 11, 16 
Reference site <1.0 OW 11 
Moliusks, marine; edible tissues; 18 species 
10 species <0.1 FW 17 
5 species 0.1-0.3 FW 17 
3 species 0.3-0.7 Fw 17 
Mollusks; south San Francisco Bay, 1962; soft parts 
Mud snail, Nassarius obsoletus Max. 320.0 DW 16 
Bent-nose macoma (clam), Macoma nasuta Max. 5.1 OW 16 
Softshell clam, Mya arenaria Max. 34.0 DW 16 
Clam, Tapes japonica Max. 65.0 DW 16 
California mussel, Mytilus californianus, soft parts 
Bodega Bay, California; 1976-78 vs. 1966-68 0.15 DW vs.0.1 OW 18 
California coast, 1977-81 vs. 1969-91 Max. 10.0-70.0 DW vs. <2.0 DW 19 
San Diego Bay near wastewater 59.0 DW vs. 0.08-0.22 DW 20 


outfall vs. reference sites in Baja California and 


northem California 
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Table 5. Continued. 











Taxonomic group, organism, 
and other variables _____ _Concentration® (mg/kg) | ee 
San Francisco Bay, 1982; North Bay vs. 0.04-0.16 DW vs. 0.7-2.9DW 16 
South Bay 
Common mussel, Mytilus edulis 
Shell 0.1-6.3 DW 21, 22, 23 
Soft parts 
Europe 0.1-6.0 DW 1 
ireland, February 1990; contaminated sites 0.8-4.3 DW vs. <0.05-1.0 DW 24 
(Cork Harbour) vs. reference sites (east coast 
of ireland) 
Rhode Island, Narragansett Bay, 1976-78 vs. 
1986-88 0.20 DW vs. 0.22 DW 18 
United States 0.04-2.3 DW 1 
East coast; rural sites vs. urban areas 0.3 DW vs. Max. 2.0 DW 55 
West coast; rural sites vs. urban areas 0.1 DW vs. Max. 5.0 DW 55 
Mussel, Mytilus edulis aoteanus, soft parts 
New Zealand, 1986-87; various distances from 
sewage outfall 
50 m 5.3-7.7 DW 25 
100 m 4.2 DW 25 
200 m 3.9 DW 25 
750 m 3.5-4.1 DW 25 
1,500 m 2.9 DW 25 
3,000 m 2.7-3.4 DOW 25 
Oyster, Ostrea equestris; soft parts, United States 
East coast 18.9 OW 7 
Gulf coast 0.7-1.6 DW 7 
Oyster, Ostrea sinuata, New Zealand 
Foot, gills, soft parts 0.7-1.1 DW 26 
Gonad, mantie 0.2 OW 26 
Intestine 2.9 DW 26 
Kidney 4.8 DW 26 
Muscle, shell <0.1 OW 26 
Limpet, Patella vuigata; \sraei, 1973; soft parts 
vs. shell 
Near sewage outfall 6.7 DW vs. 5.7 DW 27 
Reference site 80 kr north of outfall 1.2 DW vs. 5.3 DW 27 
1986-87; distance from sewage outfall 
200 m 35.0-113.0 DW 25 
750 m 49.0-85.0 DW 25 
1,500-3,000 m 8.0-13.0 DW 25 
False quahog, Pitar morrhuanus (formerly 1.2-4.6 DW 28 
Widgeon clam, Pitar morrhuana); soft parts; 
near Rhode Isiand electroplating 
Sea scallop, Placopecten magelianicus, soft parts 
Ocean disposal site Max. 9.1 DW 11 
Reference site <0.1 DOW 11 
Clam, Potamocorbula amurensis, San Francisco 2.2 (0.3-7.0)OW; BCF of about 366,000 57 
Bay (0.006 yg Ag/L); 1991-92; soft parts 
spp.; Australia, 1960-83; soft Max. 0.4 FW 29 
Clam, Scrobicularia plana 
Digestive gland 0.8 DW 4 
Kidney 0.4 DW 4 
Soft parts 
Reference sites 0.2-1.5 (0.03-2.1) DW 15, 30 
Silver-contaminated estuary 4.0-5.8 (1.1-185.0) DW 15, 31 
Bryozoan, Victorella sp; whole; Chesapeake Bay, 11.5 OW 32 


SILVER HAZARDS TO FISH, WILDLIFE, AND INVERTEBRATES 














Taxonomic group, organism, 
and other variables Concentration® (mg/kg) Reference” 
Crustaceans 
Amphipods, whole; Antarctica, February-March 
1989 1.2 (0.7-1.4) DW 33 
Rock crab, Cancer irroratus 
Digestive gland 2.1-3.4 FW; 6.3 DW 34, 35 
Muscle 0.2-0.8 FW; 0.2 DW 34, 35 
Crustaceans, edible tissues, 16 species 
8 species <0.1 FW 17 
5 species 0.1-0.2 FW 17 
3 species 0.3-0.5 FW 17 
Barnacle, Elminius modestus, pyrophosphate 10.5 (9.7-11.3) DW 36 
American lobster, Homarus americanus, muscie 0.4-0.5 DW 37 
Shrimps, unidentified 
Exoskeleton 1.1 DW 38 
Muscle 0.2 OW 38 
Annelids 
Polychaete annelid, Marphysa sanguinea, whole; Max. 5.5 DW 16 
San Francisco Bay, 1962 
Sandworm, Nereis diversicolor, whole 5.2 (0.7-30.0) DW 31 
Echinoderms 
Various, 9 species Usually <0.3 DW; Max. 0.6 DW 1 
Starfish, Luidia clathrata, Tampa Bay, Florida 
vs. Gulf of Mexico; 1992 
Body wail 0.26-0.84 DW vs. 0.67 DW 39 
Pyioric caeca 0.4-1.1 DW vs. 0.17 DW 39 
Tunicates 
Whole, 2 species; New Zealand Max. 0.03 DW; Max. 0.005 FW 1 
Tunicate, Cynthia claudicans, soft parts, Greece 0.9 FW; 4.8 DW 1 
Fishes and Elesmobranchs 
Blackfin icefish, Chaenocephalus aceratus, 
Antarctica, February-March 1989 
Liver 0.05 (0.04-0.05) OW 33 
Muscle 0.01 (0.008- 6.012) DW 33 
Freshwater fishes, whole; United States, 1975-79 0.225 (0.004-1.9) FW 11 
November 1990-March 1991; females 
Liver Max. 1.49 DW; Max. 0.44 FW 40 
Muscle Max. 0.3 DW; Max. 0.02 FW. 40 
Ovaries Max. 0.32 DW; Max. 0.04 FW 40 
Marine fishes 
Liver 
66 species <0.01 FW 17 
12 species (0.1-0.3) Fw 17 
4 species (0.3-0.6) Fw 17 
Muscle 
158 species <0.1 FW 17 
1 species (0.1-0.2) Fw 17 
Scales, 7 species (0.1-0.3) DW 41 
Whole 
10 species <0.1 FW 17 
7 species (0.1-0.2) Fw 17 
Striped bass, Morone saxatilis 
Liver 0.08 FW 42 
Muscle 0.003 FW 42 
Smooth dogfish, Mustelus canis, New York Bight 
Liver Max. 0.3 FW 43 
Muscle <0.1 FW 43 
Hump rock cod, * wa gibberifrons; 0.014 (0.012-0.016) DW 33 
Antarctica, Fe wch 1969; muscle 








Taxonomic group, organism, 
and other variables - Concentration’ (ng/kg) 
Winter flounder, Pleuronectes americanus 
Liver <0.1-0.8 FW 
Muscle <0.1 FW 
Windowpane flounder, Scopthaimus aquosus 
Liver <0.1-0.5 FW 
Muscle <0.1 FW 
Birds 


Rufted grouse, Bonassa umbellus, primary 
feathers; Virginia, 1977-79 
Adults 
immatures 
Lesser black-backed gull, Larus fuscus, Norway; 


0.018 (0.017-0.02) DW 
0.01 DW 


0.02 DW 
0.01 OW 


0.18 (0.13-0.22) DW 
0.05 DW 
0.009 DW 


0.43 (0.41-0.46) DW 
0.01 DW 


1.0 (0.4-3.1)DW 


0.006-0.029 FW 
0.04-0.32 FW 


<0.01 DW 
<0.01 DW 


1.0 DW 
2.0 DW 
3.0 DW 


0.004-0.026 FW 
0.03-0.14 FW 


Max. 3.7 DW 
0.9 (0.3-3.7) DW 


1.0 DW 
7.0 OW 
44.0 DW 
2.0 OW 


0.0005-0.00125 FW 
0.0000033 FW 


0.008 (0.0-140.0) Fw 
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Taxonomic group, organism, 
and other variables Concentration® (mg/kg) Reterence” 
Cigarettes; fitter vs. nonfilter 0.27 FW vs.0.18 FW 11 
Crustaceans 2.0 DW 3 
Dairy products <0.06 FW 11 
Fruits <0.05 FW 11 
Leafy vegetables 0.007 (0.0-0.04) Fw 11 
Meat, fish, poultry 0.01 (0.0-87.0) Fw 11 
Milk (cow) 0.027-0.059 FW 3,11 
Mushrooms “Up to several hundred” DW 3 
Oils and fats <0.03 FW 11 
Pork and mutton 0.006-0.012 FW 3,11 
Sugar 0.002-0.03 Fw 3 
Tea 0.2-2.0 DW 3,11 
Trout 0.48-0.68 DW 3 
Typical diet 0.0091 DW 11 
Wheat 0.5 OW 3 
Tissues and organs 
Abnormal (argyria) 
Skin 63.0-72.0 DW 48 
Normal 
Kidney 0.001 FW; 0.4 DW 48 
Liver 0.006 FW; 0.7 DW 48 
Luing 0.0001 FW 48 
Skin 0.035 DW 48 
Spleen 2.7 OW 48 
Whole body 0.05 FW; <10.0 DW 2 
Leopard seal, Hydrurga leptonyx, Antarctic, 
February-March 1969 
Kidney 0.15 OW; Max. 0.24 DW 49 
Liver 0.99 DW; Max. 1.55 DW 49 
Muscle 0.01 OW; Max. 0.017 OW 49 
Stomach contents 0.22 (0.20-0.24) DW 4g 
Weddell seal, Leptonychotes weddell’, Antarctic, 
February-March 1969 
Kidney 0.10 OW; Max. 0.29 DW 49 
Liver 0.73 DW; Max. 0.04 DW 49 
Muscle Max. 0.012 DOW 49 
Crabeater seal, Lobodon carcinophagus; 
Antarctic, February-March 1969 
Kidney 0.06 DW; Max.0.17 DW 49 
Liver 0.81 DW; Max. 1.36 OW 49g 
Muscle 0.01 DW; Max. 0.022 DW 49 
Terrestrial mammals, various species, liver <50.0 AW 2 
Polar bear, Ursus maritimus, Northwest Territories, 0.21-0.54 DW 50 
Canada, 1964; liver 
California sea lion, Zalophus californianus; 
recemt mothers; liver 
Mothers with normal pups 0.5 OW 51 
Mothers giving birth to premature pups 0.4 OW 51 
Integrated Studies 
Alpine lake, Colorado, 1973-74. Silver iodide 
(43 kg), equivalert to 19.7 kg silver, released 
imto system from local cloud-seeding practices 
between 1963 and 1973 
Lake water, 1973 vs. 1974 
Bottom 0.00022 (Max. 0.00063) FW vs. 0.00044 
(Max. 0.00122) FW 52 
Surface 0.00031 (Max. 0.0009) FW vs. 0.00071 


(Max. 0.00134) Fw 52 











Taxonomic group, organism, 
end other variables Concentration® (mg/kg) ee Reterence” — 
Cutthroat trout, Oncorhynchus clark, age 1 year 
v8. age 3 years 
Bone 5.8 DW vs. 2.6 DW 52 
uver 2.3 DW vs. 1.4 DW 52 
Muscle 0.1 DW vs. 0.4 DOW 52 
Skin 0.2 DW vs. 0.4 DW 52 
Arabian Sea, near Pakistan, 1967-88 
Sediments 0.53 DW 53 
Water 0.000015 FW; Max. 0.000033 FW 53 
Seaweeds, whole. 4 species 0.40-0.76 FW 53 
Shrimps, edible portions, 2 species 0.25-0.29 FW 53 
Fish, muscle, 3 species 0.29-0.53 FW 53 
Caicasieu River, Louisiana 
Periphyton, whole 2.1 DW 54 
Hooked mussel, ischadium recurvum (formerly 0.4 OW 54 
Brachidontes »rustus), soft parts 
American oy: 6r, —.rassostrea virginica, soft parts 1.0 OW 54 
Zooplankton, whole 0.8 DOW 54 
Blue crab, Callinectes sapidus, muscie 0.1 OW 54 
Shrimps, 2 species; muscle 0.04 DW 54 
Fish, 7 species; muscle 0.1 OW 54 
Poland, 1969-92 
Mushrooms. Agaricus campestris, whoie 9-62 (6-110) DW 56 
0.1-0.95 DW; Max. 1.4 OW; BCF values for 
silver by mushrooms from soils ranged 
between 60 and 330 56 





“Concentrations are siicwn as mean, range (in parentheses), and maximum (Max.). 
>1, Eisler 1981; 2, Smith and Carson 1977; 3, U.S. Environmental Protection Agency 1900; 4, Miramand and Bentley 1992; 5, Luoma 


@ al. 1990; 6, Thurberg et al. 1974; 7, Goldberg et al. 1978; 8, Windom and Smith 1972; 9, Morse et al. 1993; 10, Presley et al. 1990; 
11, U.S. Public Health Service 1990; 12, Sanders et al. 1991; 13, Greig and Wenzioff 1978; 14, Anderlini 1974; 15, Truchet et al. 1990; 
16, Luoma and Philips 1968; 17, Hall et al. 1978; 18, Lavenstein et al. 1990; 19, Stephenson and Leonard 1994; 20, Martin et al. 
1988; 21, Seger et al. 1971; 22, Lande 1977; 23, Graham 1972; 24, Berrow 1991; 25, Anderlini 1992; 26, Brooks and Rumsby 1965, 
27, Mavrot « al. 1974; 26, Eisler et al. 1978; 29, Talbot 1985; 30, Bryan and Uysal 1978; 31, Bryan and Hummerstone 1977, 32, 
Cornet wt al. 1991; 33, Szefer et al. 1993; 34, Greig et al. 1977a; 35, Greig et al. 1977b; 36, Pullen and Rainbow 1991; 37, Greig 
1975; 38, Bertine and Goldberg 1972; 39, Lawrence et al. 1963; 40, Hellou et al. 1992; 41, Papadopoulu and Kassimati 1977; 42, Heit 
1979; 43, Greig and Wenzioff 1977a; 44, Ohlendor? et al. 1986; 45, Bryan and 1992; 46, Vermeer and Peakall 1979; 47, 
Scanion et al. 1960; 48, Fowler and Nordberg 1986; 49, Szefer et al. 1994; 50, Braune et al. 1991; 51, Martin et al. 1976; 52, Freeman 





1979; 53, Tariq et al. 1993; 54, Rametow et al. 1989; 55, Crecelius 1993; 56, Falandysz and Danisiewicz 1995; 57, Brown and Luoma 


1995. 


Martin et al. 1988; Anderlini 1992; Crecelius 1993) 
and from calcareous sediments rather than detri- 
tal organic or iron oxide sediments (Luoma and 
Jenne 1977). Season of collection (Fowler and Ore- 
gioni 1976; Sanders et al. 1991) and latitude (An- 
derlini 1974) also influenced silver accumulations. 
Seasonal variations in silver concentrations of Bal- 
tic clams (Macoma balthica) were associated with 
seasonal variations in soft tissue weight and fre- 
quently reflected the silver content in the sedi- 
ments (Cain and Luoma 1990). Oysters from the 
Gulf of Mexico vary considerably in whole body 
concentrations of silver and other trace metals. 
Variables that modify silver concentrations in oys- 
ter tissues include the age, size, sex, reproductive 
stage, general health, and metabolism of the ani- 


mal; water temperature, salinity, dissolved oxy- 
gen, and turbidity; natural and anthropogenic in- 
puts to the biosphere; and chemical species and 
interactions with other compounds (Presley et al. 
1990). Silver concentrations in whole American 
oysters (Crassostrea virginica) from the 
Chesapeake Bay were reduced in summer, reduced 
at increasing water salinities, and elevated near 
sites of human activity; chemical forms of silver 
taken up by oysters included the free ion (Ag*) and 
the uncharged AgCl° (Sanders et al. 1991; 
Daskalakis 1995). Declines in tissue silver concen- 
trations of the California mussel (Mytilus cali- 
fornianus) were significant between 1977 and 
1990; body burdens decreased from 10-70 mg/kg 
DW to less than 2 mg/kg DW and seem to be related 
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to the terminaticn of metal plating facilities in 
1974 and decreased mass emission rates by waste- 
water treatment facilities (Stephenson and 
Leonard 1994). 

Among arthropods, pyrophosphate granules 
isolated from barnacles have the capability to bind 
and effectively detoxify silver and other metals 
under natural conditions (Pullen and Rainbow 
1991). In a Colorado alpine lake, silver concentra- 
tions in caddisflies and chironomid larvae usually 
reflected silver concentrations in sediments; 
seston, however, showed a high correlation with 
lakewater silver concentrations from 20 days ear- 
lier (Freeman 1979). 


In other studies, silver concentrations in fish 
muscles rarely exceeded 0.2 mg/kg DW and usually 
were less than 0.1 mg/kg fresh weight (FW); livers 
contained as much as 0.8 mg/kg FW, although 
values greater than 0.3 mg/kg FW were unusual; 
and whole fish contained as much as 0.2 mg/kg FW 
(Table 5). Livers of Atlantic cod (Gadus morhua) 
contained significantly more silver than muscles 
or ovaries; a similar pattern was evident in other 
species of marine teleosts (Hellou et al. 1992; Sze- 
fer et al. 1993; Table 5). Accumulations of silver in 
offshore populations of teleosts is unusual, even 
among fishes collected near dump sites impacted 
by substantial quantities of silver and other met- 
als. For example, of seven species of marine fishes 
from a disposal site in the New York Bight that 
were examined for silver content, concentrations 
were highest (0.15 mg/kg FW) in muscle of blue 
hake (Antimora rostrata; Greig et al. 1976). Simi- 
larly, the elevated silver concentration of 0.8 mg/kg 
FW in liver of winter flounder (Pleuronectes ameri- 
canus; Table 5) was from a specimen from the same 
general area (Greig and Wenzloff 1977b). 


Silver concentrations in muscles of Antarctic 
birds were low (0.01 mg/kg DW) when compared to 
livers (0.02-0.46 mg/kg DW) or feces (0.18 mg/kg 
DW; Szefer et al. 1993; Table 5). Silver concentra- 
tions in avian tissues, especially in livers, were 
elevated in the vicinity of metals-contaminated 
areas and in diving ducks from the San Francisco 
Bay (Tabie 5). Birds with elevated concentrations 
of silver in tissues—as much as 44 mg/kg DW in 
liver in the common eider (Somateria mollis- 
sima)—seemed outwardly unaffected (Bryan and 
Langston 1992). 

Silver in mammalian tissues is usually present 
at low or nondetectable concentrations (Klaassen 
et al. 1986). The concentration of silver in tissues 
of three species of seals collected in the Antarctic 
during 1989 was highest in liver (1.55 mg/kg DW; 


Table 5) and lowest in muscle (0.01 mg/kg DW); 
intermediate in value were kidney (0.29 mg/kg 
DW) and stomach contents (0.24 mg/kg DW; Szefer 
et al. 1994). The mean concentration of silver in 
livers from normal female California sea lions 
(Zalophus calfornianus), with normal pups, was 
0.5 mg/kg DW (Martin et al. 1976; Table 5). Moth- 
ers giving birth to premature pups had only 0.4 mg 
Ag/kg DW liver. In general, Zalophus mothers 
delivering premature pups had lower concentra- 
tions in liver of silver, cadmium, copper, manga- 
nese, mercury, and zinc than did mothers 
delivering normal pups (Martin et al. 1976). Silver 
concentrations in tissues of Antarctic seals were 
related to, and possibly governed by, concentra- 
tions of other metals (Szefer et al. 1994). In mus- 
cle, silver inversely correlated with zinc; in liver, 
silver positively correlated with nickel, copper, and 
zinc; and in kidney, correlations between silver 
and zinc and between silver and cadmium were 
negative (Szefer et al. 1994). In humans, EPA 
(1980) states that silver is present in placentas and 
fetal livers, that silver concentrations in tissues 
increase with age, and that variations in tissue 
concentrations of silver are wide. The average 
maximum daily intake of silver from all sources by 
humans is 88 pg (Table 5), but very little of the 
silver ingested from nontherapeutic sources is re- 
tained (Smith and Carson 1977). 


Lethal and Sublethal Effects 


General 


As discussed and documented later, free silver 
ion is lethal to representative species of sensitive 
aquatic plants, invertebrates, and teleosts at 
water concentrations of 1.2-4.9 pg/L. Adverse ef- 
fects occur on development of trout at concentra- 
tions as low as 0.17 yg/L and on phytoplankton 
species composition and succession at 0.3 to 0.6 
pg/L. Aquatic organisms accumulate silver from 
environmental sources. No data were found on 
effects of silver on avian or mammalian wildlife 
and all studied effects were on poultry and small 
laboratory mammals. Silver was not mutagenic, 
carcinogenic, or teratogenic to tested animals by 
normal routes of exposure. Adverse effects of sil- 
ver on poultry occur at 1.8 mg/kg FW whole egg by 
way of injection (reduced survival), 10 mg/kg in 
copper-deficient diets (reduced hemoglobin), and 
200 mg/kg in copper-adequate diets (growth sup- 
pression), or when the birds are given drinking 
water containing 100 mg Ag/L (liver necrosis). 
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Effects of silver on sensitive species of mammals 
include death at 13.9-20.0 mg/kg BW by intraperi- 
toneal injection, histopathology of kidney and 
brain at 250-450 pg Ag/L drinking water, tissue 
accumulations at 6 mg/kg diet, and liver necrosis 
when fed diets containing more than 130 mg/kg. 
In humans, generalized argyria seems to be declin- 
ing, which may be due to improved work condi- 
tions. 


Terrestrial Plants 


Smith and Carson (1977) report that sprays 
containing 9.8 mg dissolved Ag/L kill corn (Zea 
mays), and sprays containing 100-1,000 mg dis- 
solved Ag/’. kill young tomato (Lycopersicon escu- 
lentum) and bean (Phaseolus spp.) plants. Hirsch 
et al. (1993) planted seeds of corn, lettuce (Lactuca 
sativa), oat (Avena sativa), turnip (Brassica rapa), 
soybean (Glycine max), spinach (Spinacia oler- 
acea), and Chinese cabbage (Brassica spp.) in soils 
amended with silver sulfide and sewage sludge to 
contain 10, 50, or 100 mg Ag/kg DW soil. All plants 
germinated and most grew normally at the highest 
soil concentration of silver tested. But growth of 
Chinese cabbage and lettuce was adversely af- 
fected at 10 mg Ag/kg DW soil and higher. Silver 
concentrations in edible portions from all plants at 
all soil levels of silver tested, except lettuce, were 
less than 80 pg/kg DW. Lettuce grown in soil 
containing 100 mg Ag/kg DW had about 1.2 mg 
Ag/kg DW (Hirsch et al. 1993). 


Aquatic Organisms 


In fish and amphibian toxicity tests with 22 
metals and metalloids, silver was the most toxic 
tested element as judged by acute LC50 values 
(Birge and Zuiderveen 1995). In solution, ionic 
silver is extremely toxic to aquatic plants and 
animals (Nehring 1976; Nelson et al. 1976; Calab- 
rese et al. 1977a; Gould and MacInnes 1977; Smith 
and Carson 1977; EPA 1980; Buhl and Hamilton 
1991; Bryan and Langston 1992), and water con- 
centrations of 1.2-4.9 g/L killed sensitive species 
of aquatic organisms, including representative 
species of insects, daphnids, amphipods, trout, 
flounders, sticklebacks, guppies, and dace (Table 
6). At nominal water concentrations of 0.5-4.5 
pg/L, accumulations in most species of exposed 
organisms were high and had adverse effects on 
growth in algae, clams, oysters, snails, daphnids, 
amphipods, and trout; molting in mayflies; and 
histopathology in mussels (Table 6). Among all 


tested species, the individua!s most sensitive to 
silver were the poorly nourished and young and 
those exposed to low water hardness or salinity 
(Smith and Carson 1977; EPA 1980; Le Blanc et 
al. 1984; Table 6). It is emphasized that silver-in- 
duced stress syndromes vary widely among animal 
classes. Among marine organisms, for example, 
silver ion was associated with respiratory depres- 
sion in marine gastropods and cunners (Tautago- 
labrus adspersus), a teleost; however, silver ion 
increased oxygen consumption in six species of 
bivalve mollusks (Gould and MacInnes 1977). 


Sensitive aquatic plants accumulated silver 
from water containing as little as 2 wg Ag/L to 
whole-cell burdens as high as 58 mg Ag/kg DW; 
grew poorly at 3.3-8.2 wg Ag/L during exposure for 
5 days; and died at concentrations greater than 130 
ug Ag/L (Table 6). Some metals seem to protect 
aquatic plants against adverse effects of silver. 
Algae in small lakes that contained elevated con- 
centrations of metals, especially copper and nickel, 
had higher tolerances to silver than conspecifics 
reared in the laboratory under conditions of de- 
pressed concentrations of heavy metals (EPA 
1980). Species composition and species succession 
in Chesapeake Bay phytoplankton communities 
were significantly altered in experimental ecosys- 
tems continuously stressed by low concentrations 
(0.3-0.6 g/L) of silver (Sanders and Cibik 1988; 
Sanders et al. 1990). At higher concentrations of 
2-7 we/L for 3 to 4 weeks, silver inputs caused 
disappearance of Anacystis marina, a mat-forming 
blue-green alga; increased dominance by Skele- 
tonema costatum, a chain-forming centric diatom; 
and increased silver concentrations in various spe- 
cies of phytoplankton to 8.6-43.7 Ag mg/kg DW 
(Sanders and Cibik 1988). Dissolved silver specia- 
tion and bioavailability were important in deter- 
mining silver uptake and retention by aquatic 
plants (Connell et al. 1991). Silver availability was 
controlled by the concentration of free silver ion 
(Ag*) and the concentrations of other silver com- 
plexes, such as AgCl (Sanders and Abbe 1989). 
Silver uptake by phytoplankton was rapid, in pro- 
portion to silver concentration, and inversely pro- 
portional to water salinity. Silver incorporated by 
phytoplankton was not lost as the salinity in- 
creased, and silver associated with cellular mate- 
rial was largely retained in the estuary (Sanders 
and Abbe 1989). Diatoms (Thalassiosira sp.), for 
example, readily accumulated silver from the me- 
dium. Once incorporated, silver was tightly bound 
to the cell membrane, even after the cells were 
mechanically disrupted (Connell et al. 1991). 
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Table 6. Effects of silver on representative aquatic plants and animals. Concentrations are in micrograms of free silver 
(Ag’) per liter of medium added at start unless indicated otherwise. 











equilibrium 


sitver concentration (ppb), and other variables Effects Rete ance* 
Bacteria, sigee, and macrophytes 
Bactena, freshwater 
Escherichia coli 
1,000-2,000 (as Ag**) All dead in 0.5-5.0 min 1 
Streptococcus faecalis 
1,000-2,000 (as Ag**) All dead in 0.5-5.0 min 1 
Vanous species 
100-200 Ali dead in 15-20 min 2 
Bactena, marine 
isolated from tubes of deep-sea polychaete annelids 
3,000 Lowest concentrstion tested that inhibited 3 
growth in 50% of strains during 10-day 
exposure 
20,000 Silver-resistam strains (55% of ail strains 3 
tested) survived at least 24 h 
40,000 Some strains survived during 10-day 3 
exposure 
Alga, Chiorella spp 
50-100 Growth inhibition 4 
Waterweed, Elodea canadensis 
100 Respiration inhibited 4 
Freshwater algae and macrophytes, 13 species 
30-7,500 Adverse effects 4 
Freshwater plants 
26 Bioconcentration factor (BCF) of X200 2 
Duckweed, Lemna minor 
270 Phytotoxic 4 
Marine aigae, 3 species 
2 After 24 h algae contained 27 .8-58.6 mg 5 
silver/kg Gry weight (DW) at 1% salinity, 
16.4-33.4 mg/kg at 1.5% salinity, and 
9.8-25.2 mg Ag/kg DW at 2.0% salinity 
Marine aigae, 4 species; various concentrations BCF between X13,000 and X66,000 at 40, 45 


80-140 Controls growth in swimming pools 2 
Marine aiga, Prorocentrum mariae-lebouriae 
3.3 50% growth reduction in 5 days at 0.75% 6 
Salinity 


Manne algae, vanous species 
Radiosiiver-110m at 3.3 microcuries/L 
Manne piants 


50% growth reduction in 5 days at 1.5- 
2.25% salinity 
50% growth reduction in 5 days at 3% 


salty 
BCF of X1,600 to X2,800 in 38 days 


60 BCF of X200 2 
Alga, Scendesmus spp. 
100-200 100% growth inhibition 4 
Marine diatom, Skeletonema costatum 
5.9 50% growth reduction in 5 days at 0.75% 6 
salinity 
15.4 50% growth reduction in 5 days at 1.5% a 
Sabintty 
20.0 50% growth reduction in 5 days at 2.25- 6 
3.0% salinity 
130-170 50% reduction in cell numbers in 96 h 4 











155 (116-208); exposed for 96 h then 
transferred to uncontaminated media for 96 h 
Pacific oyster, Crassostrea gigas 
2-10 


13.5-15.5 


Juveniles held in 20 wg Ag/L for 14 days then 
transterred to uncontaminated seawater 


for 23 days 


100 
American oyster, Crassostrea virginica 
0.1 (controts) vs. 2; adults exposed for 14 days in 
large enciosures with natural phytoplankton 
essembiages 


LCS5O for juveniles at end of observation 
pernod 


5-8% of embryos exposed for 48 h were 
abnormal (retarded shell growth, 
reduced size, erratic swimming behavior) 
v8. 1% in controls; no significant effect 
on embryogenesis 

Significant effect on embryogenesis; 25- 
37% of embryos developed abnormally 

95-96% of embryos exposed for 48 h were 
abnormal 

Soft parts of adults exposed for 26 days 
comained 188.0 mg Ag/kg OW vs. 3.0 
mg/kg OW in controts 

No histopathology. During exposure, but 
Not depuration, glycogen storage capacity 
was diminished. During depuration, silver 
concentrations decreased from 31.3 mg/kg 
DW sof parts to 12.8 vs. <10.0 in controls. 
Most of the insoluble accumulated silver 
was sequestered as Ag,S in amoebocytes 
and basement membranes 

LCSO (208 h), adults 


in controls, phytoplankton had 0.03 mg Ag/kg 
OW and oyster sof parts 0.8 mg/kg OW. 
in the 2.0 ng/L. group, phytoplankton had 


sliver concentration (ppb), and other variables _ _Ertects 
Protozoans 
Cihate, Fabrea salina, held in seawater solution Bioconcentration factor (volume/volume 39 
containing radiosiiver- 110m basis) of 7,000 to 40,000 within 24 h 
Protozoan, Spirostomum ambiguum 
68 LCSO (24 h) at 2.6 my CaCO, 8 
15.3 LCS50 (24 h) at 250 mg CaCO,/L 8 
emetodes 
Free-tiving nematode, Caenorhabditis elegans 
102 (95% confidence interval [Ci] of 10 to 4,960) LCS5O (96 h) 9 
5,000, (95% Ci of 3,000 to 10,000) LCSO (24 h) 9 
bottusks 
Bay scallop, Argopecten wradians, juveruies 
22 Oxygen consumption elevated after 96 h 10 
33 LCSO (96 h); survivors with elevated silver 10 
concentrations 
Freshwater snail, Austraiorbis sp. 
30-100 inhibited feeding and coordination 2 
Brvaives, 4 speces 
10 Elevated oxygen consumption after 
exposure for 30-90 days 10, 11 
Scallop, Chiamys varia, adults 
20 After 14 days soft parts contained 18 mg 12 
Ag/kg OW vs. 1.7 in controls 
100 LCSO (115 h) 12 
Asiatic clam, Corbicula fluminea 
45 Adverse efiects on growth after exposure 13 
for 21 days; residues of 1.65 mg Ag/kg 
FW soft parts were associated with 
reduced growth 
78 No deaths in 21 days 13 
26.0 Some deaths in 21 days 13 


14 


14 


14 


12 


15 


12 
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500-1000 


Slapy-1 limpet, Crepidula fornicata 
1, 5, or 10; exposed for 24 months and observed 
for effects on growth, reproduction, histology 
and accumulations 


1,000 
Common mussel, Mytilus edulis 
Exposed continuously for 21 months to 0.0 
(controf), 1, 5, or 10 wg Ag/L from age 2.5 
months (4.5 mm in shell length) and 
observed for growth, accumulations, and 
histopathology 


Juvendes (16.1 mm shell length) end adults 


(53.4 mm shel length) were continuosly exposed 
for 12 months to 0.0 (controf), 5, 25, or 50 wg Ag/L 


end observed tor growth and accumuishons 


Phytoplankton had 24-44 mg Ag/kg 16, 17 


OW and oysters 4.8-6.6 mg Ag/kg DOW 
LC50(48 h), embryos 
LC100(48 h), embryos 
LCS50(12 days), juveniles 
Adults exposed for 96 h had 12.4-14.9 

mg Ag/kg FW in body and 34-38 mg 

Ag/kg FW in gilis 


Growth reduced in the 5 and 10 pg/L 
groups and reproduction inhibited in the 
10 wo/ group All test groups showed 
deposition of silver in connective tissues 
and basemen membranes. Maximum 
silver concentrations (mg/kg FW soft parts) 
were recorded for the controls at 12 months 
(2.8), for the 1.0 ug/L group at 12 months 
(34.0), for the 5.0 ug/l. group at 6 months 
(54.1), and for the 10.0 ug/L group at 6 
months (86.7). After 24 months, silver-exposed 
groups contained between 5.4 and 6 mg 
Ag/kg FW soft parts 


No deaths in 28 days, soft parts at 28 days 
contained 147-184 mg Ag/kkg OW vs. 
0.02-1.8 mg/kg NW in controis 


LC50(48 h), embryos 

LCS50(10 days), juveniles 

Adults exposed for 96 h had 0.8-1.0 mg 
Ag/kg FW in soft parts and 6.9-7.6 mg 
Ag/kg FW in gilis. Controls (<1.5 no) 
had 0.4 mg Ag/kg FW soft parts and 1.6 
mo/kg FW in gilts 


increased oxygen consumption after 96 h 

After exposure for 96 h adults had 10.4 mg 
Ag/kg FW sof parts vs. 0.3 mg Ag/hkg Fw 
in controls 

All adults died within 96 h 


No effect on growth. Siiver 
concentrations (mg/kg FW soft parts) for 
controls ranged between 0.2 and 0.7; 
maximum concentrations ir: the 1 pg/L 
group (9.1) occurred at 186 mor“hes; for the 
5 wo/L group, residues were highest (11 9) 
at 18 months; for the 10 yo/. group, 
concentrations were highest (15.3) at 12 
months. All siver-exposed groups had 
histopathology of basement membranes and 
connective tissues 

Growth inhibition of the 50 ug/L group 
after 6 months but growth normal after 
12 months; growth of other groups as in 
controls. Al 12 months residues, in mg 


1 
1 


1 

















were 0.2 (0.1) in controls, 9.9 (2.0) inthe 5 


ug/L group, 8.0 (2.0) in the 25 wo/l group, 
and 10.7 (3.0) in the 50 pg/L group 


100 increasing oxygen consumpton with 
increasing water salinity 
500 or 1,000 Adults exposed for 96 h had 3.7-5.2 mg 
Ag/kg FW soft parts 
Racbosiiver-110m BCF values after 1 day were X860 in soft 
parts and XB in shell, after 9 days these 
values were X2_550 in soft parts and X11 
in shell 
Mussel, Mytilus gafloprovncaaks, adults 
10 Growth normal after 21-month exposure 
20 After 26 days soft parts contained 15 mg 
Ag’kg OW vs. 0.08 mg Ag/kg OW 
in controts (<0.1 wg Ag/L) 
25 Growth depressed after 21-month exposure 
50 Severe tissue hustopathology after 14 days 
100 LCSO (110 h) 
Mud snail, Nassanus obsoletus 
10 Inhibition of embryonic development 


Ctam, Potamocorbula amurensis, exposed for 14 
Gays at 1.8% salinity to 0.1, 0.2, 0.5, 1.0, 


Siiver concentrations in soft parts rose in 
a dose-dependent manner from <1 0 mg 


Or 2.0 ng Ag*/L Ag/kg OW to about 14.0 mg/g Ag/kg OW 
Clam. Scrobrcutana plana, adults 
20 Normal after 14 days 
50 No deaths in 16 days, severe histopathology 
100 LCS0(250 h) 
200 LCS0(96 h) 
Surt clam, Spssute sokcissena 
10 Elevated oxygen consumpton in juveniles 
after 96 h 
14, 1-h exposure 60 mun after tertiization 50% of embryos developed abnormaily 
in 48h 
100 Lethal to juveniles in 96 h 
Bry ss0ene 
Bryozoan, Victorefia sp 
0.18 (contro), 2, or 10 Silver concentratons, in mg/kg OW whole 
arumai, after 24 h were 11.5 in controls. 
38.3 in the 2 ng/. group, and 180.0 in 
the 10 no group 
Artwopods 
Copepod, Acartie tonsa 
% LCSO (96 h) 
Oapiwed, Daphrua magna 
04-15.0 LCS50(96 h) at 38-75 mg CaCO, 
09 50% of starved daphnuds immobilized 
in 48h 
1619.4 MATC® 
35 50% reduction in growth of nonstarved 
Gaphwuds in 21 days 
41 Reduced survival during 21-day exposure 
10.5 Reproduction inhibited during 21-day 
exposure 
125 50% of nonstarved daphwuds wmmobéized 
in 46h 
45.49 LCSO (96 h) at 255 mg CaCO,/L 


11 


1 


8 88 88 Bs -o 


a 
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Taxonomic group, organism, 
sitver concentration (ppb), and cther variables Effects Reference* 
10 (0.25-49.0) LC50 (96 h) 9 
Mayfly, Ephemereiia grandis 
<1.0 LCS50 (14 days), naiads 24 
4.0-8.8 LCS50 (7-15 days), adults 4 
60 or 120 On death, whole mayfiies contained 25.3 24 
and 28.7 mg Ag/kg DW 
4.5 (3.7-5.5) LCS50 (96 h) at 44 mg CaCO,/L 25 
6.0 Altered enzyme activity after 30 days 10 
but no effect on survival, oxygen 
consumption, or osmoregulation 
Amphipod, Hyalella azteca 
0.95 No observable effects after 2i-viay exposure 13 
1.4 Reduced growth after 20 days 13 
1.9 (1.4-2.3) LCS50 (96 h) 13 
1.6 Molting inhibited after 20 days 13 
6.8 (5.5-7.8) LCS50 (96 h) 13 
Stonefly, Leuctra sp. 
0.69 Adverse effects after 12 days 13 
2.5 (1.7-3.2) LC50 (96 h) 13 
Mysid shrimp, Mysidopsis bahia 
250.0 LCSO (96 h) 4 
Grass shrimp, Palaemonetes pugio 
2.0 After 2 weeks whole shrimps contained 22 
0.5 mg Ag/kg DW vs. 0.36 in controls 
5.0 After 2 weeks whole shrimps had 3.7 mg 22 
Ag/kg OW 
10.0 Whole shrimps contained 4.5 mg Ag/kg 22 
DW after exposure for 2 weeks 
For 2 weeks shrimp ate Artemia nauplii Silver concentration (mg/kg DW whole 22 
containing 0.72 mg Ag/kg OW, or bryozoans body) in shrimp on Artemia diet was 
(Victorella sp.) containing elevated silver 0.19 vs. 0.09 in silver-free Artemia diet: 
burdens (38-180 mg Ag/kg DW), or control 0.26-0.62 in the high-silver bryozoan 
bryozoans (11.5 mg Ag/kg DW) diet and 0.36 in the contro! bryozoan diet 
Stonefly, Pteronarcys californica 
4.0-9.0 LCSO (96 h) 24 
50.0 On death, whole stoneflies contained 9.1 24 
mg Ag/kg OW 
105.0 Dead stonefiies had 13.2 mg Ag/kg DW 24 
Mayfly, Stenonema sp. 
3.9 (2.5-5.7) LCS50 (96 h) 13 
Midge, 7 anytarsus dissimilis 
3,160 (2,490-4,010) LCSO (48 h) at 44 mg CaCO,/L 25 
Annelids 
Marine polychaete, Sabelia pavonina 
Adults immersed in seawater containing 50 vg During immersion, the maximum whoile- 26 


Ag/L for 8 weeks then transferred to silver- 
free media for 8 weeks 


body silver concentration was 22.1 mg/kg 
DW vs. 0.8 in controls; main sites of 
accumulation were the connecting tissues 
of nephridia and gut. No histopathology. 
A constant elimination of silver in urine 
occurs simultaneousty with silver 
accumulation. During depuration, new 
connective tissue formed and silver 
concentrations were reduced by 88% 
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Table 6. Continued. 





Taxonomic group, organism, 





sliver concentration (ppb), and other variabies Effects Reterence® 
Echinoderms 
Sea urchin, Arbacia lixula 
05 Reduced embryo development after 52 h 4 
Fishes 


5.3 
14.0 


1,400 

Held in radiosiiver-110m solutions for 41 days 
then transferred to uncontaminated media 
for 42 days 


Mummichog, Fundulus heterociitus 
30-40 


, Gambusia affinis 
23.5 (17.2-27.0) 
Threespine stickleback, Gasterosteus aculeatus 


9.2 6. 0-10.7) 

Bluegill, Lepomis macrochirus 
31.7 (24.2-48.4) 
70.0 


Attantic silverside, Menidia menidia 
110.0 
400.0 

Largemouth bass, Micropterus saimoides 
7.0 


70.0 


Chum saimon, Oncorhynchus keta 

Eggs were exposed in freshwater to 4 1g Ag/L for 
14 days prior to hatch. After hatching, larvae 
were exposed to 4 yg Ag/L in saltwater for 
14 days during yolk-sac resorption. Fry were 
then transferred to uncontaminated saltwater 
and fed a high metais diet for 64 days (diet 
comained—in wg metai/kg feed OW—2 Ag, 255 
Cd, 6,670 Cu, 1,320 Pb, and 96,000 Zn) 


LC5O0 (96 h) at 30 mgCaCOyL 
L.C50 (96 h) at 250 mg CaCO,/L 


LC50 ( 96 h), juveniles 


rapidly and progressively to X51 at day 

19, then more slowly to X73 at day 41. 

At day 41, BCF for liver was X866, for 
digestive tract X560, for kidneys X299, 

for spleen X155, and for air bladder X109. 
During depuration, 68% of the silver was 
eliminated—about 31% during the first 3 
days and 37% in the next 39 days. In both 
uptake and depuration phases, 71-77% of all 
radiosilver was present in liver and digestive 
tract 


Inhibited liver enzyme activity after 4 
days 


LCS0 (96 h), juveniles 


Lethal in 10-30 days 
Lethal in 7 days 
Lethal in 96 h 


LC50 (96 h) at 44 mg CaCO,/L 


LCSO (96 h) 

Survival as in controis after 6 months; 
whole body contained 0.3 mg Ag/kg ash 
weight 


LCS50 (96 h), larvae 
LC50( 96 h), juveniles 


Survival of young of year as in controls 
after continuous exposure for 6 months. 
After 4 months, viscera contained 0.6 mg 
Ag/kg ash weight, gills 0.38, and carcass 


0.016 mg Ag/kg ash weight 
All dead within 24 h. Prior to death, bass had 


reddened gills, body :remors, and erratic 
swimming 


‘Al end of study, experimentais had a 

small, but significant, decline in survival. 
Just prior to transfer to uncontaminated 
saltwater, experimentals contained 62 1g 
Ag/kg whole body DW vs. 4 in controls. 
After 64 days in uncontaminated saltwater, 
whole alevins contained 18 ug Ag/kg DW 
vs. 4 in controls 
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Table 6. Continued. 











Taxonomic group, organism, 
silver concentration (ppb), and other variables Effects Reterence® 
Coho salmon, Oncorhynchus kisutch 
11.1 (7.9-15.7) LCS50 (96 h), alevins 30 
12.5 (10.7-14.6) LCS50 (96 h), juveniles 30 
Rainbow trout, Oncorhynchus mykiss 
0.03-0.06 MATC? after 13-month exposure beginning 4 
at eyed embryo stage 
0.09-0.17 MATC? after exposure of eyed eggs and 31 
subsequent developmental stages for 18 
months in soft water 
0.18-0.40 MATC®: 10-month exposure starting 4 
with newly-fertilized embryos 
0.6 All eyed eggs survived 10-week exposure 31 
1.2 40% of eyed eggs dead in 39 days 31 
2.0 Inhibition of Na* and CI influx across 44 
gills in mature trout after 72 h 
2.2 All eyed eggs dead in 60 days 31 
488.9 LCS50 (144 h); juveniles 13, 44 
5.3-8.1 LCS50 (96 h); water hardness 20-31 mg 31 
CaCO, 
7.6-10.9 LCS5O (96 h) 4, 23, 41 
10.0 LCSO (28 days) at 93-105 mg CaCO,/L 4 
13.0 LC50( 96 h); water hardness 350 mg 31 
CaCO, 
16.1 (12.8-20.2) LCS50 (96 h); alevins 30 
19.2 (16.0-23.1) LCS50 (96 h); juveniles 30 
Steelhead trout, Oncorhynchus mykiss 
0.1-1.1 Growth reduced during chronic exposure 23 
from egg through swimup fry 
0.5 and 1.3 Survival reduced at low dose when 23 
exposed continuously from egg through 
swimup; all dead at high dose 
9.2 LCS50 (96 h) 23 
100.0 LCS50 (62 h); eyed embryos 32 
200.0 LCS50 (96 h); eyed embryos 32 
Chinook saimon, Oncorhynchus tshawytscha 
33.0 Fry survived exposure for 48 h 2 
40.0-44.0 Lethal to fry in 48 h 2 
Summer flounder, Paralichthys dentatus 
47 LCSO (96 h); larvae 4 
8.0-48.0 LC50 (96 h); embryos 4 
Fathead minnow, Pimephales promelas 
5.3-20.0 LCS50 (96 h) at water hardness of 25-75 4 
mg CaCOy/L 
5.6-7.4 LCS50 (96h); flow-through tests 23 
9.4-9.7 LCS50 (96 h); static tests 23 
10.7 (10.6-10.8) LCS50 (96 h) at 44 mg CaCO,/L 25 
29.0 LC100 (96 h) 33 
110.0-270.0 LCS50 (96 h) at water hardness of 255 mg 4 
CaCO,/L 
Guppy, Poecilia reticulata 
43 Lethal 2 
Winter flounder, Pleuronectes americanus 
10.0 Depressed liver transaminase activity 10 
after 60 days 
54, 92, 180, or 386 No significam effect of lowest dose on 34 
growth or survival during exposure for 
18 days of embryo through yolk-sac 
absorption. At 92 ng/L, 31% died; at 180 
ug/L, 97% died; at 386 pg/L, hatch was 
reduced 24% and all larvae died 
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Table 6. Continued. 

















Taxonomic group, organism, 
sliver concentration (ppb), and other variables ss Effects Reterence® 
200.0-450.0 LCS50 (96 h); embryos 4 
49 LCS50 (96 h) in soft water 4 
14.0 LCS50 (96 h) in hard water 4 
Brown trout, Saimo trutta 
Fingerlings exposed to radiosilver-110m for After 57 days the whole-body BCF was 35 
57 days then transferred to clean, fresh water X2.7 with about 70% of total radiosilver 
for 28 days concentrated in the liver (BCF for liver was 
X282); during depuration, 23% of whole 
fish radiosilver was excreted but 
concentration in liver was unchanged 
Fingerlings were fed a diet containing After 34 days, about 12% of the silver fed 36 
radiosiiver-110m for 34 days then fed a was retained; liver contained 63% of the 
Clean diet for 27 days total radioactivity. After 27 days of 
depuration 31% of the radiosilver was lost 
from whole trout, but liver contained 
79% of the total radioactivity 
Cunner, Tautogolabrus adspersus 
120, 250, or 500; after 96 h, gill tissues were Gill-tissue oxygen consumption was 37 
excised and gill oxygen consumption significantly lower than controls at all 
monitored for 4 h silver Concentrations tested in a dose- 
dependent manner 
500 After 96 h, gill tissue respiration was 38 
reduced and liver enzyme activity 
altered. Similar effects seen for silver 
nitrate and silver acetate 
>500 Lethal after 96 h 37 
Arctic grayling, Thymaiius arcticus 
6.7 (5.5-8.0) LCSO (96 h); alevins 30 
11.1 (9.2-13.4) LCS50 (96 h); juveniles 30 
Amphibiens 
Earty life stages exposed to silver nitrate from 
fertilization through 4 days after hatching 
Leopard frog, Rana pipiens 
0.7-0.8 10% mortality or abnormal development 43 
of embryos and larvae 
10.0 50% mortality or gross terata of embryos 43 
and larvae 
5 species 
1-34 10% mortality or gross terata of embryos 43 
and larvae 
10-240 50% mortality or abnormal development of 43 
embryos and larvae 





"1, Anteirnan 1994; 2, Smith and Carson 1977; 3, Jeanthon and Prieur 1990; 4, U.S. Environmental Protection Agency 1960; 5, San- 
ders and Abbe 1967; 6, Sanders and Abbe 1969; 7, Eisler 1981; 8, Nalecz-Jawecki et al. 1993; 9, Williams and Dusenbery 1990; 10, 
Calabrese et al. 1977b; 11, Thurberg et al. 1974; 12, Berthet et al. 1992; 13, Diamond et al. 1990; 14, Coglianese and Martin 1981; 
15, Berthet et al. 1990; 16, Sanders et al. 1990; 17, Abbe and Sanders 1990; 18, Nelson et al. 1963; 19, Calabrese et al. 1964; 20, 
Nolan and Dehigaard 1991; 21, Bryan and Langston 1992; 22, Connell et al. 1991; 23, Nebeker et al. 1963; 24, Nehring 1976; 25, 
Lima et al. 1962; 26, Koechiin and Grasset 1968; 27, Baudin et al. 1994; 28, Coleman and Cearley 1974; 29, Buell 1991; 30, Buh 
and Hamilton 1991: 31, Davies et al. 1978; 32, Rombough 1985; 33, LeBlanc et al. 1964; 34, Klein-MacPhee et al. 1964; 35, Garnier 
@ al. 1990; 36, Garnier and Baudin 1980; 37, Thurberg and Collier 1977; 38, Gould and Macinnes 1977; 39, Fisher et al. 1995; 40, 
Fisher et al. 1964; 41, Hogstrand et al. 1996; 42, Brown and Luoma 1995; 43, Birge and Zuiderveen 1995; 44, Morgan et al. 1995; 
45, Fisher and Reinteider 1995. 

"MATC = maximum acceptable toxicant concentration. Lower value in each MATC pair indicates highest concentration tested pro- 
ducing no measurable adverse effect on growth, survival, reproduction, or metabolisn during chronic exposure; higher value indicates 
lowest concentration tested producing a measurable effect. 
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The ability to accumulate dissolved silver from 
the medium ranges widely between species. Some 
reported bioconcentration factors (mg Ag per kg 
FW organism/mg Ag per liter of medium) are 210 
in diatoms, 240 in brown algae, 330 in mussels, 
2,300 in scallops, and 18,700 in oysters (EPA 
1980). Silver is the most strongly accumulated of 
all trace metals by marine bivalve mollusks 
(Luoma 1994). Studies with radiosilver-110m sug- 
gest that the half-time persistence of silver is 27 
days in mussels, 44-80 days in clams, and more 
than 180 days in oysters (Fisher et al. 1994). In 
oysters and other bivalve mollusks, the major 
pathway of silver accumulation was from dissolved 
silver; uptake was negligible from silver adsorbed 
onto suspended sediments or algal cells, and oys- 
ters eliminated adsorbed silver in the feces (Abbe 
and Sanders 1990; Sanders et al. 1990). Some- 
times, benthic bivalve mollusks accumulated sil- 
ver from certain sediments. Sediment-bound 
silver was taken up by the Baltic clam (Macoma 
balthica) at 3.6 to 6.1 times the concentration in 
calcite sediments but less than 0.85 times from 
manganous, ferrous, and biogenic CaCO, sedi- 
ments (EPA 1980). In oysters, silver associated 
with food was unavailable for incorporation, which 
may be due to the ability of silver to adsorb rapidly 
to cell surfaces and to remain tightly bound despite 
changes in pH or enzymatic activity (Connell et al. 
1991). Silver concentrations in American oysters 
(Crassostrea virginica) held in seawater solutions 
containing 1.0 mg Ag/L for 96 h rose from 6.1 mg/kg 
FW soft parts to 14.9 mg/kg FW; in gills, these 
values were 5.9 and 33.9 mg/kg FW (Thurberg et 
al. 1974). A similar pattern was evident in com- 
mon mussels (Mytilus edulis) and quahog clams 
(Mercenaria mercenaria; Thurberg et al. 1974). 
Adults of surf clams (Spisula solidissima) im- 
mersed for 96 h in seawater containing 10 wg Ag/L 
had 1.0 mg Ag/kg FW soft tissues versus 0.08 
mg/kg in controls (Thurberg et al. 1975). Oysters 
accumulated radiosilver-110m from the medium 
by factors of 500 to 32,000 (Pouvreau and Amiard 
1974); uptake of dissolved silver by oysters was 
higher at elevated temperatures in the range of 
15-25° C (Abbe and Sanders 1990). American oys- 
ters maintained near a nuclear power plant in 
Maryland that discharged radionuclides on a daily 
basis into the Chesapeake Bay accumulated ra- 
diosilver-110m; accumulations were higher in 
summer and fall than in winter and spring (Rose 
et al. 1988). 


Marine gastropods exposed to concentrations 
as low as 1.0 pg Ag/L for as long as 24 months 


showed histopathology and accumulations as high 
as 34 mg Ag/kg FW soft parts; higher exposure 
concentrations of 5 and 10 pg Ag/L were associated 
with inhibited reproduction and whole-body bur- 
dens as high as 87 mg Ag/kg FW (Nelson et al. 
1983). Histopathological findings in silver-exposed 
mussels (Mytilus edulis) were typical of argyria in 
humans and other mammals that have absorbed 
organic or inorganic silver compounds (Calabrese 
et al. 1984). Juvenile Pacific oysters (Crassostrea 
gigas) exposed for 2 weeks to solutions containing 
20 wg Ag/L had high silver accumulations in tis- 
sues and a reduced capacity to store glycogen; 
however, after 30 days of depuration, glycogen 
storage capacity was restored and 80% of the sol- 
uble silver and 27% of the insoluble forms were 
eliminated, suggesting recovery to a normal physi- 
ological state (Berthet et al. 1990). About 70% of 
the insoluble silver in Pacific oysters was seques- 
tered as Ag,S, a stable mineral form that is not 
degradable, thereby limiting the risk of silver 
transfer through the food chain (Berthet et al. 
1990). Most (69-89%) of the silver accumulated 
from the medium in soft tissues of oysters and 
clams was sequestered in amoebocytes and base- 
ment membranes; in scallops and mussels, silver 
was stored in basement membranes and pericar- 
dial gland. In all species of bivalve mollusks, se- 
questered silver was in the form of silver sulfide 
(Berthet et al. 1992). American oysters excreted 
about 60% of their accumulated silver in soft tis- 
sues within 30 days of transfer to silver-free 
seawater; soluble forms were preferentially elimi- 
nated and insoluble forms retained (Berthet et al. 
1992). Interspecies differences in ability to retain 
silver among bivalve mollusks are large, even 
among closely related species of crassostreid oys- 
ters. For example, the half-time persistence of 
silver was about 149 days in American oysters but 
only 26 days in Pacific oysters (PHS 1990). 


Among arthropods, grass shrimp (Pa- 
laemonetes pugio) rapidly incorporate silver dis- 
solved in brackish water in proportion to its 
concentration but not from planktonic or detrital 
food sources containing elevated silver burdens 
(Connell et al. 1991). Variations in ability of de- 
capod crustaceans to accumulate radiosilver- 110m 
from seawater are large, as judged by concentra- 
tion factors that ranged from 70 to 4,000 (Pouvreau 
and Amiard 1974). The reasons for this variability 
are unknown but may be associated with hepa- 
topancreas morphology. It is generally 
acknowledged that hepatopancreas or digestive 
gland is the major repository of silver in decapods 
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(Greig 1975; Greig et al. 1977a, 1977b). Aquatic 
insects concentrate silver in relative proportion to 
environmental levels (Nehring 1976), and more 
efficiently than most fish species (Diamond et al. 
1990). Whole-body bioconcentration factors (BCF 
= mg total Ag per kg fresh weight tissue divided by 
mg total Ag per liter of medium) of silver in three 
species of aquatic insects ranged from 21 to 240 in 
water containing 30-65 mg CaCO,/L during expo- 
sure of 3-15 days; in bluegill sunfish (Lepomis 
macrochirus), this value was less than 1 after 
exposure for 28 days (EPA 1980). Molt frequency 
of a mayfly (Isonychia bicolor) was a sensitive 
indicator of silver stress over time, and 1.6 yg total 
Ag/L over a 20-day period inhibited molting (Dia- 
mond et al. 1990). 

Silver ion (Ag*) was the most toxic chemical 
species of silver to fishes. Silver ion was 300 times 
more toxic than silver chloride to fathead minnows 
(Pimephales promelas), 15,000 times more toxic 
than silver sulfide, and more than 17,500 times 
more toxic than silver thiosulfate complex; in all 
cases, toxicity reflected the free silver ion content 
of tested compounds (LeBlanc et al. 1984); a simi- 
lar pattern was noted in rainbow trout (Hogstrand 
et al. 1996). Silver was less toxic to fathead min- 
nows under conditions of increasing water hard- 
ness between 50 and 250 mg CaCO,L, increasing 
pH between 7.2 and 8.6, and increasing concentra- 
tions of humic acid and copper; starved minnows 
were more sensitive to ionic silver than minnows 
fed regularly (Brooke et al. 1994). Eggs of rainbow 
trout exposed continuously to silver concentra- 
tions as low as 0.17 pg/L had increased embryo- 
toxicity and hatched prematurely; resultant fry 
had a reduced growth rate (Davies et al. 1978). 
Removal of the egg capsule of eyed embryos of 
steelhead trout (Oncorhynchus mykiss) signifi- 
cantly lowered the resistance of the embryos to 
salts of silver, copper, and mercury but not zinc and 
lead (Rombough 1985). Silver accumulation in 
gills of juvenile rainbow trout exposed to 11 pg 
Ag/L for 2-3 h was significantly inhibited by vari- 
ous cations (Ca**, Na*, H*) and complexing agents 
(dissolved organic carbon, thiosulfate, chloride); 
these variables must be considered when con- 
structing predictive models of silver binding to 
gills (Janes and Playle 1995). 

Largemouth bass (Micropterus salmoides) and 
bluegills accumulated silver from the medium; ac 
cumulations increased with increasing concentra- 
tions of ionic silver and increasing duration of 
exposure (Coleman and Cearley 1974). Bioconcen- 
tration factors of radiosilver- 110m for various spe- 


cies of teleosts were as high as 40 after 98 days 
(Pouvreau and Amiard 1974). However, plaice 
(Pleuronectes platessa; a marine flounder), and 
thornback rays (Raja clavata) fed nereid poly- 
chaete worms labeled with radiosilver-110m re- 
tained about 4.2% of the ingested dose after 3 days 
(Pentreath 1977), which suggests that the high 
silver concentration factors reported by Pouvreau 
and Amiard (1974) may have been due to loosely 
bound adsorbed silver. Flounders (Pleuronectes 
sp.) held for 2 months in seawater solutions con- 
taining 40 pg Ag/L had elevated silver concentra- 
tions in the gut (0.49 mg Ag/kg FW) but less than 
0.05 mg/kg in all other examined tissues (Pen- 
treath 1977). Similarly exposed rays (Raja sp.) 
contained 1.5 mg Ag/kg FW in liver, 0.6 in gut, 0.2 
in heart, and 0.05-0.18 mg/kg FW in spleen, kid- 
ney, and gill filament (Pentreath 1977); liver is 
usually considered the major repository of silver in 
teleosts (Garnier et al. 1990). 

Food chain biomagnification of silver in aquatic 
systems is unlikely at silver concentrations nor- 
mally encountered in the environment (Connell et 
al. 1991), although regular ingestion of fish from 
contaminated waters may significantly affect die- 
tary silver intake in humans (EPA 1980). Sil- 
ver—as thiosulfate-complexed silver at nominal 
concentrations of 500 or 5,000 pg Ag/L—was con- 
centrated and magnified over a 10-week period in 
freshwater food chains of algae, daphnids, mus- 
sels, and fathead minnows (Terhaar et al. 1977), 
although the mechanisms of accumulation in this 
study were imperfectly understood. 


Birds and Mammals 


No data were found on the effects of silver 
compounds on avian or mammalian wildlife. All 
controlled studies with silver were with domestic 
poultry, livestock, or small laboratory mammals. 
Signs of chronic silver ion intoxication in tested 
birds and maiiimals included cardiac enlargement, 
vascular hypertension, hepatic necrosis, anemia, 
lowered immunological activity, altered mem- 
brane permeability, kidney pathology, enzyme 
inhibition, growth retardation, and a shortened 
life span (Smith and Carson 1977; Freeman 1979; 
Fowler and Nordberg 1986; PHS 1990). 


Silver affects turkeys (Meleagris gallopavo) and 
domestic chickens (Gallus spp.). Turkey poults on 
diets containing 900 mg Ag/kg feed for 4 weeks had 
enlarged hearts and reduced growth, hemoglobin, 
and hematocrit (EPA 1980). Chicken eggs injected 
with silver nitrate at 0.1 mg Ag/egg (equivalent to 
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about 1.8 mg Ag/kg egg FW) had a 50% reduction 
in survival but no developmental abnormalities 
(Ridgway and Karnofsky 1952). Adverse effects of 
silver were reported in normal chicks fed diets 
containing 200 mg Ag/kg ration (growth suppres- 
sion) or given drinking water containing 100 mg 
Ag/L (liver necrosis; Smith and Carson 1977). 
Chicks on copper-deficient diets had adverse 
effects at 10 mg Ag/kg ration (reduced hemoglobin; 
reversible when fed copper-adequate diet) and at 
50-100 mg Ag/kg ration (growth suppression and 
increased mortality). Chicks that were deficient in 
vitamin E experienced reduced growth when given 
drinking water containing 1,500 mg Ag/L. Chick- 
ens infected with pathogenic strains of Salmonella 
sp. and Escherichia coli were cured with aerosol 
treatments containing 10 pg Ag/L air (Smith and 
Carson 1977). 


Studies with small laboratory mam- 
mals—which require verification—show that lung- 
term exposure to high levels of silver nitrate in 
drinking water may result in sluggishness and 
enlarged hearts; however, these effects have not 
been observed in silver-exposed humans (PHS 
1990). Concentrations as high as 200 wg Ag/L in 
drinking water of test animals for 5 months had no 
significant effect on animal health or metabolism 
(EPA 1990). But 400 yg Ag/L for 5 months caused 
kidney damage, and 500 pg/L for 11 months was 
associated with impaired conditioned-reflex activi- 
ties, immunological resistance, and altered brain 
nucleic acid content (EPA 1980). Diets deficient in 
vitamin E or selenium caused rapidly fatal hepa- 
tocellular necrosis and muscular dystrophy to rats 
if they contained the dietary-intake equivalent of 
130 mg Ag/kg BW daily, a comparatively high 
silver ion intake (Smith and Carson 1977; PHS 
1990). 


The extent of absorption of an administered 
dose of silver depends on silver speciation, the 
presence and extent of silver-binding proteins, and 
other variables. But absorption is dependent 
mainly on the transit time through the gastroin- 
testinal tract: the faster the transit time is, the less 
silver is absorbed. Transit times ranged from 
about 8 h in mice and rats to about 24 h in mon- 
keys, dogs, and humans (PHS 1990). Route of 
administration affected the excretion rate of silver. 
Clearance of silver from mammals 2 days after 
silver was administered intravenously ranged 
from 15% in dogs to 82% in mice; clearance rates 
were intermediate in monkeys and rats. When 
silver was administered orally, clearance was 
more rapid, and extended from 90.4% in dogs to 


99.6% in mice (PHS 1990). The half-time persist- 
ence of silver administered orally to mice was 0.1 
day for the short-lived component and 1.6 days for 
the long-lived component. Other species of tested 
laboratory animals had biphasic or triphasic 
whole-body silver-excretion profiles that differed 
significantly from mice. Monkeys, for example, 
had a biphasic excretion profile with peaks at 0.3 
and 3.0 days; rats had a triphasic profile with 
peaks at 0.1, 0.7, and 5.9 days; and dogs had 
half-time persistence peaks at 0.1, 7.6, and 33.8 
days (PHS 1990). 

Ionic silver is lethal to mice (Mus spp.) at 13.9 
mg/kg BW by intraperitoneal injection, to rabbits 
(Oryctolagus spp.) at 20 mg/kg BW intraperi- 
toneally, to dogs (Canis familiaris) at 50 mg/kg BW 
by intravenous injection, to humans at greater 
than 166 mg/kg BW in a single dose, and to rats 
(Rattus spp.) at 1,586 mg/L drinking water for 37 
weeks (Table 7). Sublethal effects are reported in 
rabbits given 250 pg Ag/L drinking water (brain 
histopathology), in rats given 400 yg Ag/L drinking 
water for 100 days (kidney damage), in mice given 
95 mg Ag/L drinking water for 125 days (sluggish- 
ness), in guinea pigs (Cavia sp.) given 81 mg 
Ag/cm’ skin applied daily for 8 weeks (reduced 
growth), and in rats given diets containing 6 mg 
Ag/kg for 3 months (high accurr ulations in kidneys 
and liver) or 130-1,110 mg/kg (liver necrosis; Table 
7). 

The connections between human cancers and 
silver as a causal agent are tenuous (EPA 1980). 
All available evidence is negative or inconclusive 
regarding silver’s ability to induce cancer, mu- 
tagenicity, or birth defects in animals by normal 
routes of exposure (EPA 1980; PHS 1990). Silver 
pellets, however, implanted under the skin of ro- 
dents, have caused sarcomas, malignant fibrosar- 
comas, fibromas, fibroadenomas, and invasions of 
muscle with connective tissue; in these cases, sil- 
ver seems to act as a nonspecific irritant rather 
than as a specific carcinogen (Smith and Carson 
1977; EPA 1980). Intratumoral injections of colloi- 
dal silver promotes cancer growth in rats, possibly 
by producing an area of lowered tissue resistance 
that allows resistant cancer cells to grow freely 
(Smith and Carson 1977); however, silver nitrate 
seems to be a tumor inhibitor in mice (EPA 1980). 


In humans, acute toxic effects of silver have 
resulted only from accidental or suicidal overdoses 
of medical forms of silver. Symptoms of acute silver 
poisoning in patients dying after intravenous ad- 
ministration of Collargo (silver plus silver oxide) 
included gastrointestinal disturbances, 
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Table 7. Effects of silver on selected mammais. 














Organism, route of administration, 
dose, and other variables Effects  Reterence® 
Domestic dog, Canis familiaris 
inhalation route. Anaesthetized dogs exposed to About 3% (0.8 yg) of the deposited 
metallic silver particles about 0.5 ym in silver was found in liver and blood 6 h 
diameter; total dose deposited of 25 ug after exposure. Clearance from the lung 
to the blood was triphasic, with haif- 
times of 1.7, 8.4, and 40 days 


intratracheal route. Elemental silver deposited 
in lungs 


Intravenous injection route 
0.003 pg/kg body weight (BW) daily 
500 mg (estimated at 50 mg/kg BW), single 
injection 
Ora! route; 0.005 ng/kg BW daily 
Guinee pig, Cavia sp. 
Dermal application of 81 mg silver nitrate to 
3.1 cm? of skin daily for 8 weeks 
Humans, Homo sapiens 
External route 
0.25% silver nitrate solution in eyes for 3 weeks 
3-5% colloidal silver compounds in eyes for 5-10 
weeks 
inhalation route 
0.25 mg/m? air 
1-2 mg/m? air, occupational exposure 
Clearance half-time 
Feces 
Lung 
Urine 
Oral route 
80 po/kg BW, single dose 
0.7 mg siiver weeldy in diet 
2-30 g of silver nitrate, single dose 


50-260 g of metallic silver 


>600 g over 1.2 years; given as silver nitrate to 
treat eplepsy and Gi symptoms 
Monkeys, various 
intravenous administration of 0.01 ug/kg BW daily 
Oral administration of 0.01 ng/kg BW daity 
Domestic mouse, Mus spp. 
Drinking water route; 95 mg/L for 125 days 
intraperitoneal route 
13.9 mg/kg BW, single injection 
36.0 mg/kg BW, single injection; pretreated with 
single injection of 3.5 mg Ag/kg BW 24 h 
carter 


intravenous injection, 1.0 ng/kg BW daily 





After 6 h, 96.9% remained in lungs, 2.4% 
in liver, 0.35% in blood, 0.14% in gall 
bladder and bile, 0.1% in intestines, 0.06% 
in kidneys, and 0.02% in stomach. After 
225 days, 0.49% of the initial dose was 
detected in liver, and 0.01-0.03% each 


burden between 6 h and 225 days postexposure 


15% cleared in 2 days 
All dead within 24 h with hemolysis and 


Possibility of generalized argyria in 20 years 
Argyrosis of cornea and conjunctiva 


>300 days 
Biexponential profile; 1 day and 52 days 
<54 days 


21% of dose retained in body after 1 week 

Possibility of generalized argyria 

At dosages >10 g (equivalent to >166 mg 
Ag/kg BW for a 60-kg person), death 
usually occurs within a few hours to a 
few days 

Gastric fuliness, anorexia, gastric pain, 
diarrhea 

Generalized argyria evident 2 years 
after last dose 


44.1% excreted in 2 days 
94.3% cleared in 2 days 


Sluggishness 


LDSO (30 days) 
Onty 3 of 10 pretreated mice died within 


7 days vs. 8 of 10 nonpretreated mice 


82% cleared in 2 days 


Qn — 
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Table 7. Continued. 














Organism, route of administration, 
dose, and other variables Effects 
Oral route; 1.1 pg/kg BW daily 99.6% cleared in 2 days 
Rabbit, Oryctolagus sp. 
Drinking water route 
Equivalent to 2.5 wg Ag/kg BW daily No observable adverse effects 
Equivalent to 25 or 250 wg Ag/kg BW daily for Brain histopathology, altered conditioned 
11 months reflexes 
Equivalent to 500 or 5,000 ug Ag/kg BW daily Lowered immunological activity; 
for 11 months pathology of vascular, nerve, brain, 
and spinal cord tissues 
intraperitoneal injection route; 20 mg/kg BW All dead within 2 h. Silver granules in 
single injection liver parenchyma and kidney tubules 
Laboratory white rat, Rattus spp 
Dret 


130-1,110 mg/kg ration 


Drinking water route 


50 ug/L (equivalent to 0.0025 mg Ag/kg BW 
daily) for 11 months 


200 pg/L for 6 months 
<400, 400, 700, or 1,000 ng/L for 100 days 


500 pg/L (equivalent to 0.025 mg Ag/kg BW 
daily) for 6-11 months 


5 mg/L for 6 months 
20 mg/L for 3 months 


20 mg/L for 5 months 


20 mg/L for 6 months 


129 mg/L (about 18 mg/kg BW daily) for 
17.8 weeks 


634 mg/L (69 mg Ag/kg BW daily) for 2 years 


635-660 mg/L, lifetime exposure beginning 
shortly after weaning 


1,200 mg/L for several months 


1,500 mg/L for 2-4 weeks; vitamin E-deficient rats 


1,586 mg/L for 37 weeks 


2,500 mg/L for 3 months, then silver-free water 


for 16 months 


SS 


After 12 weeks, kidneys and liver were 
impregnated with silver 

Liver necrosis which could be prevented 
by adding Vitamin E 


Normal in ali variables measured 
(conditioned reflex activity, gastric 
secretion, blood serum enzymes, histology) 

Normal conditioned reflex activity 

At <400 g/L, rats seemed healthy with 


nervous system; reduced motor activity 

No effect on male fertility, no silver deposits 
in testes 

Lifespan normal; hypertrophy of left 
ventricle, suggesting vascular 
hypertension; skin normal but internal 
organs and eyes darkened by silver 
deposits 

Degenerative kidney changes 

Liver necrosis and death. Prevented by 
adding vitamin E 

Some deaths beginning at week 23; 
survivors weighed about 50% less than 
controls 

At end of exposure livers had 6.7-7.0 mg 
Ag/kg FW and kidneys 3.7-7.1 mg/kg Fw; 
16 months after exposure livers had 1.6 


mg/kg FW and kidneys 6.0 mg/kg FW 


w 
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Table 7. Continued. 














Organiem, route of administration, 
dose, and other veriabies _ Effects _ Reference® 
2,589 mg/L, (equivalent to 362 mg Ag/kg BW 24% died; water intake decreased beginning 1 
daily) for 2 weeks at day 1; survivors poorly groomed and 
hstiess 
intramuscular injection route 
Given radiosiiver- 110m alone or in combination 
with 4.0 mg Ag/kg BW daily for 6 days. 
Percent of tracer dose recovered vs. percent 
tracer plus 4.0 mg/kg BW 
Blood 05 vs. 3.0 1 
Bone 02vs.22 1 
Feces 96.6 vs. 37.3 1 
Gi tract 1.ivs.82 1 
Heart, lungs 0.06 vs. 0.6 1 
Kidney 0.07 vs. 0.6 1 
Liver 0.4 vs. 33.7 1 
Muscie 02vs.24 1 
Skin 02vs.7.4 1 
Spleen 0.01 vs. 2.7 1 
Urine 06vs.16 1 
intravenous injection route 
0.2 mg/kg BW daily 70.7% excreted in 2 days vs. 98.4% in 2 1 
days when administered orally 
tsolated hepatocytes exposed for 20 h 
<275 mg/L Not cytotoxic 4 
500, 2,000, or 5,000 mg/L Silver accumulated in nuclear fraction of 5 
hepatocytes at all concentrations, DNA 
repaw synthesis was stimulated at 
2,000 mg/L, moderately cytotoxic at 
5,000 mg/L 
1,100 mg/L Protein synthesis activity inhibited 50% 4 
1,960 mg/L Almost complete inhidition of protein 4 
synthesis actrv‘ty 
Subcutaneous injection route 
7 mg/kg BW, single injection Adverse effects on spermatogenesis «J 2,3 
on testes histology 
Oral route 
123 mg/kg BW. as silver cyanide Acute oral LD50 6 
200-400 mg/kg BW. as siiver arsenate Acute oral LDS50 6 
500-800 mg/kg BW. as siiver nitrate Acute oral LD50 6 
Caribou, 7. gifer tarandus 
Ratio of silver concentration (mg/kg FW) in 
tissues to silver concentration (mg/kg FW) in 
lichen diet 
Bone Bioconcentration factor (BCF) of 3.0 3 
Kidiney BCF of 1.3 3 
Liver BCF of 60.0 3 
Muscie BCF of 0.3 3 





1, U.S. Public Health Service 1990; 2, Smith and Carson 1977; 3, U.S. Environmental Protection Agency 1980; 4, Denizeau et al 7 


1990, 5, Denizeau and Marion 1969, 6, Lockhart 1963. 


rhages in bone marrow, liver, and kidney (Smith 
and Carson 1977; EPA 1980). High sublethal 
doses of silver nitrate taken orally cause some 
patients to experience violent abdominal pain, ab- 
dominal rigidity, vomiting, and severe shock; 


systemic effects among recovering patients are 
unlikely, although degenerative liver changes may 
occur (EPA 1980). In humans, skin contact with 
silver compounds may cause mild allergic reac- 
tions such as rash, swelling, and inflammation 
(PHS 1990); industrial and medicinal exposures to 
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silver may cause lesions of the kidneys and lungs, 
and arterioscierosis (Klaassen et al. 1986); colloi- 
dal silver compounds may interfere with nasal 
ciliary activity (Smith and Carson 1977); and ex- 
posure to dust containing high levels of silver com- 
pounds, such as silver nitrate or silver oxide, may 
cause breathing problems, lung and throat irrita- 
tion, and stomach pain (PHS 1990). 


Chronic exposure of humans to silver or silver 
compounds has frequently resulted in generulized 
argyria (slate-gray pigmentation of the skin and 
hair caused by deposition of silver), localized ar- 
gyria (limited areas of pigmentation usually asso- 
ciated with medicinal silver applications), or 
argyrosis (argyria of the eye). Every silver com- 
pound in common chemical use has caused gener- 
alized argyria, usually from medical and 
occupational exposures (Smith and Carson 1977; 
EPA 1980). In generalized argyria, skin pigmen- 
tation was highest in light-exposed areas, al- 
though silver concentrations in light-exposed and 
dark-exposed skin were the same (EPA 1980). In 
severe cases of argyria, the skin may become black 
with a metallic luster, the eyes affected to the point 
that vision is disturbed, and the respiratory tract 
impaired (Klaassen et al. 1986). Individual vari- 
ability in susceptibility to argyria is great and this 
is probably explained by the variability in absorp- 
tion and retention of silver ‘Smith and Carson 
1977). Generalized argyria as an occupational dis- 
ease is unusual but has been reported in workers 
that make silver nitrate or are involved in mirror 
plating, glass bead silvering, silver Christmas 
cracker manufacturing, photographic plate manu- 
facturing, and silver mining. Generalized argyria 
was also associated with chronic inhalation or in- 
gestion of silver fulminate, silver nitrate, silver 
albuminate, and silver cyanide (Smith and Carson 
1977). Improved workplace ventilation and sani- 
tation among silver nitrate workers effected a de- 
cline in general argyria (EPA 1980). 


Localized argyria is rare and usually occurs 
when silver compounds contact broken skin or 
mucous membranes (Smith and Carson 1977). Lo 
calized argyria has been reported in workers who 
hand] Hie silver in filing, drilling, polishing. 
turning, engraving, forging, soldering, or smelting 
operations. Silver polishers exposed for 25 years 
or more (range 2-38 years) sometimes exhibit in- 
creased densities in their lung x-rays due to silver 
impregnation of the elastic membranes of the pul- 
monary vessels. In one case, an Italian physician 
who dyed his facial hair with a silver dye for 25 


years developed argyria in the conjunctiva of both 
eyes (Smith and Carson 1977). 


Recommendations 


Most measurements of silver concentrations in 
natural waters prior to the use of clean techniques 
are considered inaccurate. Until analytical capa- 
bilities that exceed the dissolved-particulate clas- 
sification are developed, it will be necessary to rely 
on laboratory and theoretical modeling studies to 
fully understand chemical speciation of silver in 
natural waters (Andren et al. 1995). 

Factors governing the environmental fate of 
silver are not well characterized, including silver 
transformations in water and soil and the role of 
microorganisms (PHS 1990). Food chain transfer 
of silver requires more current information on 
sources and forms of silver and data on concentra- 
tions in field collections of flora and fauna, espe- 
cially near hazardous waste sites (PHS 1990). 
Although silver in sewage sludge is mostly immo- 
bilized, data are limited on the uptake by vegeta- 
tion of silver from soils amended with silver- 
contaminated sewage sludge and on silver concen- 
trations in flesh and milk of livestock pastured or 
fed grains raised on soils amended with sewage 
sludge (Smith and Carson 1977). Data are needed 
on partition coefficients and vapor pressures of 
silver compounds (PHS 1990) and on silver concen- 
trations in emissions from cement producers and 
smelters and refineries of copper, lead, zinc, silver, 
iron, and steel (Smith and Carson 1977). Also, 
technology to recapture silver from waste media 
before it reaches the environment must be im- 
proved (PHS 1990). 

In aquatic environments, more research is 
needed on the chemical speciation of silver to 
evaluate risk to the organism and its consumers 
(EPA 1987; Berthet et al. 1992). Most silver crite- 
ria formulated for the protection of aquatic life are 
now expressed as total recoverable silver per liter 
(Table 8). But total silver measurements do not 
provide an accurate assessment of potential haz- 
ard. Silver ion (Ag*), for example, is probably the 
most toxic of all silver chemical species and must 
be accurately measured in the assessment of silver 
risks in aquatic environments (LeBlanc et al. 
1984), perhaps as acid-soluble silver (EPA 1987). 
Little is known of the biocidal properties of Ag* 
and Ag* that are the active ingredients in disin- 
fectants and used increasingly in water 
purification systems of drinking water and swim- 
ming pools (Antelman 1994). The effects of these 
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Table 8. Proposed silver criteria for the protection of natural resources and human health. 








Resource, criterion, and other variables Effective silver concentration 
Agricultural crops 
Soils <100 mg total sitver/kg dry weight soil 7 
for most species; <10 mg/kg for sensitive 
species 
Freshwater squatic lite protection 
Acute exposure 
Total recoverable silver <1.32 pg/L 1 
Acid-soluble siiver® 4-day average shail not exceed 0.12 vg/L 8 
more than once every three years; 1-h 
average not to exceed 0.92 ug/L more 
than once every 3 years 
Acute exposure 
Total recoverable silver, in , Should not 
exceed e"'. at any time 
Examples follow 
50 mg CaCO,/. <1.2 pg/L 2 
100 mg CaCO,/L <4.1 pg/L 2 
200 mg CaCO,/L <13.0 pg 2 
Chronic exposure <0.12-<0.13 yg total recoverable silver/L 1,2 
Tissue residues 
Adverse effects on growth of the Asiatic clam, >1.65 mg total silver/kg soft tissues, 1 
Corbicula fluminea fresh weight basis 
Marine life protection 
Acute exposure 
Total recoverable silver <2.3 ng/L at any time 2 
Acid-soluble silver” 4-day average concentration not to 8 
exceed 0.92 ng/L more than once every 
3 years on average and the 1-h concentration 
not to exceed 7.2 ug/L more than once 
every 3 years 
Tissue residues 
Marine clams, soft parts 
Normal <1 mg total siver/kg dry weight 3 
Stressful or fatal >100 mg ictal silver/kg Gry weight 3 
Human health 
Air, United States 
Current level of exposure, nationwide 100 yg total silver daily per person 2 
Short-term exposure limit (15 min; up to 4 <0.03 mg total sitver/m? 2 
times day with 60-min intervais at <0.01 
mg Agim? air) 2 
Threshold limit vaiue (8 h daily, 5 days weekly) 
Aerosol silver compounds <0.01 mg total silver/m? 2,4,5 
Metallic sutver dus! <0.1 mg total silver/m 5 
Diet, United States 
Current level of exposure 35 to 40 ug daily per person 2 
Onnking water 
United States 
Long-term exposure (>10 days) <50 yg total silver/L 2, 5,6 
Proposed long-term exposure <90 ug/L total silver 5 
Short-term exposure (1-10 days) <1,142 yg total silver/L 5 
California <10 pol 2 
Germany <100 pg/L 2 
Space vehicies 
Former Soviet Union Max. 200 ug total sitver/L 2 
United States 100 to Max. 200 yg total sitver/L 2 
Switzeriand <200 ag total silver/L 2 
5 





Ground water <50 ug total silver/._ 
%, Diamond ot a. 1900, 2, U.S. Environmental Protection Agency (EPA) 1960; 3, Bryan and Langston 1992; 4, Smith and Carson 





1977, 6, U.S. Public Health Service (PHS) 1990, 6, Fowler and Nordberg 1986; 7, Hirsch et al. 1993; 8, EPA 1987. 


"Saver that passes trough a 0.45-un membrane after the sample has been acidified to a pH between 1.5 and 2.0 with nitric acid. 
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silver species on organism health clearly must be 
researched (PHS 1990). Silver interactions with 
other metals and compounds in solution are not 
well defined. For example, mixtures of salts of 
silver and copper markedly increased the survival 
of oyster embryos, but only when copper concen- 
trations were less than 6 pg/L and total silver less 
than 11 yg/L (Coglianese and Martin 1981). 

The proposed human drinking water criteria of 
50 to <200 ug total Ag/L do not seem to represent 
a hazard to human health, although much lower 
concentrations adversely affect freshwater and 
marine organisms (Smith and Carson 1977; Ta- 
ble 8). Proposed silver criteria for the protection 
of freshwater aquatic life during acute exposure 
now range from 1.2 to 13.0 yg total recoverable 
silver per liter (Table 8). If all total recoverable 
silver were in the ionic form, these proposed crite- 
ria would overlap the 1.2 to 4.9 pg/L range found 
lethal to sensitive species of aquatic plants and 
animals and indicates that the proposed freshwa- 
ter acute silver criteria need to be reexamined. 
For freshwater aquatic life protection during 
chronic exposure, the proposed criterion of less 
than 0.13 yg total recoverable silver per liter (Ta- 
ble 8) is probably sufficient. But the proposed 
silver criterion of 2.3 yg total silver/L to protect 
marine life (Table 8) needs to be reconsidered 
because phytoplankton species composition and 
succession are significantly altered at 0.3-0.6 yg 
total silver/L and because some species of marine 
algae and mollusks show extensive accumulations 
at 1.0-2.0 yg total silver/L. Limited but insuffi- 
cient data were available on correlations between 
tissue residues of silver with health of aquatic 
organisms (Table 8); additional research seems 
needed on the significance of silver residues in 
tissues. 

Silver criteria in aquatic ecosystems are under 
constant revision by regulatory agencies. For ex- 
ample, total recoverable silver is no longer recom- 
mended by the U.S. Environmental Protection 
Agency in silver criteria formulation and should be 
replaced by dissolved silver (EPA 1995a). Dis- 
solved silver more closely approximates the 
bioavailable fraction of silver in the water column 
than does total recoverable silver (EPA 1995b). 
Dissolved silver criteria recommended are about 
0.85 times those of total recoverable silver under 
certain conditions but may vary considerably de- 
pending on other compounds present in solution 
(EPA 1995b). 

No studies have been conducted with silver and 
avian or mammalian wildlife, and it is unreason- 


able to extrapolate the results of limited testing 
with domestic poultry and livestock to wildlife to 
establish criteria or administratively enforced 
standards. Research on silver and avian and ter- 
restrial wildlife merits the highest priority in this 
subject area. No silver c-iteria are available for 
the protection of avian and mammalian health, 
and all criteria now proposed are predicated on 
human health (Table 8). As judged by the results 
of controlled studies with poultry and small labo- 
ratory mammals, safe concentrations of silver 
ion were less than 250 pg/L in drinking water of 
mammals, less than 100 mg/L in drinking water of 
poultry, less than 6 mg/kg in diets of mammals, 
less than 10 mg/kg in copper-deficient diets of 
poultry, less than 200 mg/kg in copper-adequate 
diets of poultry, and less than 1.8 mg/kg in chicken 
eggs. The proposed short-term (10-day) allowable 
limit of 1,142 wg Ag/L in drinking water for human 
health protection (Table 8) should be reconsidered 
because it is 4.6 times higher than the value that 
produced adverse effects in sensitive laboratory 
mammals. Additional animal studies are needed 
to elucidate the effects of silver and silver com- 
pounds on reproduction, development, immuno- 
toxicity, neurotoxicity, absorption, distribution, 
metabolism, and excretion; and on oral, dermal, 
and inhalation routes of exposure (PHS 1990). In 
animals, there is also the need to establish a target 
organ for intermediate exposures to silver, to es- 
tablish suitable biomarkers of silver exposures and 
effects, and to measure effects of chronic silver 
exposures on carcinogenicity (PHS 1990). These 
studies should be implemented with suitable sen- 

tinel organisms including waterfow!, aquatic 
mammals, and other species of wildlife. 


It is emphasized that silver and its compounds 
do not pose serious environmental health problems 
to humans from 50 pg/L in drinking water and 10 
pg/m? in air (Smith and Carson 1977). The only 
proven effect of chronic expos’. © to silver is ar- 
gyria from occupational or therapeutic exposure to 
much larger amounts of silver (minimum neces- 
sary absorption of 910 pg, equivalent to about 15 
ug/kg BW) than can feasibly be ingested or inhaled 
from environmental sources. Regular ingestion of 
fish, meat, and plants from silver-contaminated 
areas probably does not cause argyria (Smith and 
Carson 1977). Humans at special risk to argyria 
include those treated with silver-containing 
medicinals and people marginally deficient or de- 
ficient in copper, selenium, or vitamin E (EPA 
1980). There is no recognized effective treatment 
for argyria, although the condition seems to be 
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relatively stationary when exposure to silver is 
discontinued (Fowler and Nordberg 1986). Ab- 
sorption and retention of silver from food and 
medicinals is imperfectly understood (Smith and 
Carson 1977), suggesting the need for additional 
animal studies. 

Finally, alternatives exist to the use of silver in 
substitution of aluminum and rhodium for silver 
in mirrors and other reflecting surfaces; tantalum 
replacement of silver in surgical plates, pins, and 
sutures; using stainless steel as an alternative 
material to silver in the manufacture of table 
flatware; and, in photography, using film with 
reduced silver content (Reese 1991). 
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